For  Reference 


NOT  TO  BE  TAKEN  FROM  THIS  ROOM 


Gtx  UBB1S 
BKWnMiMK 


Digitized  by  the  Internet  Archive 
in  2019  with  funding  from 
University  of  Alberta  Libraries 


https://archive.org/details/Francis1981 


THE  UNIVERSITY  OF  ALBERTA 


RELEASE  FORM 


NAME  OF  AUTHOR 
TITLE  OF  THESIS 


Bernard  Frederick . Francis . 

Raman  Spectra  of  Ice  II  and  Ice  IX  at  35. K 

and  Atmospheric ^ Pressure . 


DEGREE  FOR  WHICH  THESIS  WAS  PRESENTED 
YEAR  THIS  DEGREE  GRANTED  .}??}• . 


Permission  is  hereby  granted  to  THE  UNIVERSITY 
OF  ALBERTA  LIBRARY  to  reproduce  single  copies  of  this 
thesis  and  to  lend  to  or  sell  such  copies  for  private, 
scholarly  or  scientific  research  purposes  only. 

The  author  reserves  other  publication  rights,  and 
neither  the  thesis  nor  extensive  extracts  from  it  may 
be  printed  or  otherwise  reproduced  without  the  author's 


written  permission. 


THE  UNIVERSITY  OF  ALBERTA 


RAMAN  SPECTRA  OF  ICE  II  AND  ICE  IX 
AT  35  K  AND  ATMOSPHERIC  PRESSURE 


BY 

BERNARD  FREDERICK  FRANCIS 


SUBMITTED  TO  THE  FACULTY 
IN  PARTIAL  FULFILMENT  OF 

DOCTOR 


A  THESIS 

OF  GRADUATE  STUDIES  AND  RESEARCH 
THE  REQUIREMENTS  FOR  THE  DEGREE 
OF 

OF  PHILOSOPHY 


DEPARTMENT  OF  CHEMISTRY 


EDMONTON,  ALBERTA 
FALL,  1981 


THE  UNIVERSITY  OF  ALBERTA 


FACULTY  OF  GRADUATE  STUDIES  AND  RESEARCH 

The  undersigned  certify  that  they  have  read,  and 
recommend  to  the  Faculty  of  Graduate  Studies  and  Research 
for  acceptance,  a  thesis  entitled 

'RAMAN  SPECTRA  OF  ICE  II  AND  ICE  IX 
AT  35  K  AND  ATMOSPHERIC  PRESSURE' 

submitted  by  BERNARD  FREDERICK  FRANCIS  in  partial  fulfilment 
of  the  requirements  for  the  degree  of  Doctor  of  Philosophy. 


To  my  parents 


ABSTRACT 


The  laser-excited  Raman  spectra  of  the  0-H  and  0-D 
stretching  and  the  lattice  vibrations  of  the  ordered  ices  II 
and  IX  at  35  K  are  reported.  The  temperature  dependence  to 
100  K  of  the  frequencies  of  the  well-defined  Raman  features, 
and  polarized  spectra  of  near-single  crystals  of  f^O  and  D2O 
ice  II  are  also  reported.  The  laser  excitation  makes  the 
spectra  vastly  superior  to  the  mercury  arc-excited  Raman 
spectra  reported  in  1964  by  Taylor  and  Whalley.  Many  weak 
peaks  and  shoulders  were  observed  in  addition  to  the  stronger 

peaks  that  they  reported. 

The  normal  coordinate  calculations  used  by  Bertie  and 
Bates  in  1977  in  their  interpretation  of  the  infrared  spectra 
of  the  0-D  stretching  vibrations  of  D2O  ices  II  and  IX 
provided  a  credible  interpretation  of  the  Raman  spectra. 

This  interpretation  was  further  corroborated  by  the  polarized 
Raman  spectra  of  ice  II  and  by  Raman  intensity  calculations 
under  the  bond  polarizability  approximation.  These  observed 
features  are  therefore  believed  to  be  well  understood.  The 
peaks  due  to  the  0-D  stretching  vibrations  are  superimposed 
on  a  broad  feature  that  is  much  more  intense  m  the  infrared 
transmission  spectra  than  in  the  Raman  spectrum.  It  has 
been  argued  that  the  previous  interpretation  of  the  intense 
breadth  in  the  transmission  spectrum  is  not  correct  and 
LO-TO  splitting  has  been  offered  as  a  more  likely  explanation 
The  frequencies  of  the  translational  vibrations  of  ices 
II  and  IX  were  calculated  under  the  rigid  molecule  approxima- 


v 


tion  with  simple  force  fields  based  on  the  0**0  stretching 
and  0*»O*0  angle  deformation  coordinates  of  the  lattice, 
and  the  absorption  and  scattering  intensities  of  the  normal 
modes  were  calculated  under  the  bond  moment  and  bond  polariz¬ 
ability  approximations.  The  observed  and  calculated  spectra 
were  sufficiently  similar  that  it  was  possible  to  assign  in 
detail  nearly  all  of  the  features  of  the  observed  absorption 
and  scattering  spectra  of  the  translational  vibrations  of 
ices  II  and  IX. 

Exploratory  work  was  carried  out  on  the  more  difficult 
calculation  of  both  translational  and  rotational  lattice 
vibrations  from  the  same  force  field.  Several  parametrized 
potential  functions  were  used  to  describe  the  restoring 
forces  of  the  lattice,  but  none  of  these  could  reproduce 
both  the  observed  isotope  ratios  and  the  observed  ranges  of 
frequencies  of  both  the  translational  and  rotational 
vibrations.  The  potential  function  that  was  suggested  by 
dementi  et  al  in  1976  for  the  potential  energy  of  interaction 
of  a  water  dimer  was  used  to  express  the  restoring  forces  as 
interatomic  interactions  between  nearest-neighbour  water 
molecules  of  ice  II,  but  the  energy  of  the  lattice  could  not 
be  minimized  with  the  programs  used,  and  therefore  imaginary 
frequencies  were  calculated.  Further  work  is  needed  before 
a  suitable  force  field  for  the  calculation  of  the 
translational  and  rotational  vibrations  together  is  found. 
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CHAPTER  ONE 


INTRODUCTION 


1.1  General 

A  reinvestigation  of  the  Raman  spectra  of  the  H2O  and 
D2O  forms  of  two  ordered  ice  phases,  ice  II  and  ice  IX,  is 
reported  in  this  thesis,  and  a  detailed  interpretation  is 
proposed.  The  Raman  scattering  by  the  0-H  and  0-D  stretch¬ 
ing  vibrations  is  explained  by  an  extension  of  the  interpre¬ 
tation  of  their  infrared  absorption,  which  was  reported  in 
previous  work  from  this  laboratory.1'2  Various  lattice 
dynamical  calculations  were  attempted  to  explain  the  spectra 
of  the  rotational  and  translational  lattice  vibrations,  and 
the  results  are  reported  here. 

An  overview  of  the  structural  and  spectral  studies  of 
the  ice  phases  is  presented  in  this  chapter,  and  more  detail 
can  be  found  in  reviews.3-8  The  phase  diagram  and  an  intro¬ 
duction  to  the  ice  phases  are  presented  in  Section  1.2. 

The  structures  of  the  ices,  with  emphasis  on  those  ices  of 
particular  interest  in  this  work,  are  described  in  Section 
1.3.  Some  aspects  of  intramolecular  and  lattice  vibrations 
in  crystals  are  discussed  in  Section  1.4  before  the  accepted 
interpretations  of  the  vibrational  spectra  of  the  ices  are 
described  in  Section  1.5.  Finally,  the  objectives  of  the 
present  work  are  given  in  Section  1.6. 

1.2  The  Ice  Phases 

The  phase  diagram  of  ice,  complete  to  1980, 3'8' 9  is 


1 


2 


shown  in  Figure  1.1.  The  region  labelled  Ih  is  the  region 
of  stability  of  ice  Ih,  and  includes,  at  low  temperatures, 
the  regions  of  existence  of  ice  Ic  and  amorphous  ice.  Ices 
Ih  and  Ic  are  called  low-pressure  ices  and  ice  Ih  is  often 
simply  called  ice.  The  phases  labelled  II  to  IX  can  be 
formed  only  under  high  pressure  and  are  called  the  high- 
pressure  ices. 

The  only  phase  found  naturally  on  earth  is  ice  Ih , 
where  the  h  refers  to  its  hexagonal  structure.  Amorphous 
ice  and,  possibly,  ice  Ic  probably  occur  in  outer  space  but 
have  not  yet  been  positively  identified.  Ice  Ic,  the  c 
denoting  its  cubic  structure,  was  first  made  by  condensing 
water  vapor  onto  a  cold  plate.10  X-ray  and  electron  diffrac¬ 
tion  patterns  have  shown  that  ice  Ih  is  formed  if  the  cold 
plate  is  above  -180  K,  that  ice  Ic  is  formed  if  the  plate 
is  between  ~140  and  180  K,  and  that  amorphous  ice  is  formed 
at  condensation  temperatures  below  ~140  K. 3  Ice  Ic  slowly 
transforms  at  -170  K  to  ice  Ih,  the  exact  temperature 
depending  on  the  thermal  history  of  the  sample,11  but  the 
reverse  transformation  has  never  been  observed.  Ice  Ic  is 
also  formed  when  the  high  pressure  ices  revert  to  a  low 
pressure  form  below  ~180  K.11 '12  Although  it  has  not  yet 
been  proved  that  ice  Ic  is  not  the  stable  phase  between  140 
and  180  K,  it  is  generally  believed  that  ice  Ic  simply 
nucleates  more  readily  than  does  ice  Ih  and  then  persists 
metastably  below  180  K  because  the  transformation  to  ice  Ih 
is  extremely  slow. 3 
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Figure  1.1  Phase  diagram  of  ice.3'8'9  - measured  stable 

lines;  measured  metastable  lines;  - 

extrapolated  lines;  .  extrapolated  or 

estimated  metastable  lines. 
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In  1903  Tammann12  reported  his  measurements  of  the 
isothermal  volume  change  of  H2<D  with  pressures  up  to  3500 
bars,  at  temperatures  above  160  K.  He  reported  the  existence 
of  two  new  ice  phases,  ice  II  and  ice  HI,  which  were  denser 
than  liquid  water  3  and  a  third  phase,  ice  IV,  which  was 
less  dense  than  liquid  water.14  Tammann  found15  that  ice  II 
and  ice  III  are  metastable  at  ~80  to  150  K  and  atmospheric 
pressure.  This  method  of  recovering  high-pressure  phases 
of  ice  at  atmospheric  pressure  is  called  the  quenching 
technique . 

In  1912  Bridgman16  reported  his  detailed  work  on  the 
phase  diagram  of  H20  ice  to  pressures  of  20  kbar.  He  con¬ 
firmed  the  existence  of  ice  II  and  ice  III  and  observed  two 
new  forms,  ice  V  and  ice  VI,  at  pressures  higher  than  those 
reached  by  Tammann.  He  was,  however,  unable  to  prepare  the 
ice  IV  that  Tammann14  observed  above  0.5  kbar  and  below 
268  K.  Bridgman's  careful  measurements  enabled  him  to  cor¬ 
rect  and  extend  Tammann ' s  equilibrium  lines  in  the  phase 
diagram  and  to  report  the  missing  II-III  equilibrium  line. 
Above  160  K  ice  II  existed  only  in  its  region  of  stability, 
but  each  of  the  other  ices  could  exist  metastably  in  the 
regions  of  stability  of  its  neighbours,  especially  at  pres¬ 
sures  and  temperatures  well  removed  from  the  triple  points. 

In  1935  Bridgman17  reported  the  phase  diagram  of  99.9% 
D20  to  12  kbar  between  213  and  368  K.  He  observed  all  of 
the  phases  known  for  H20  ice  and  a  new  phase  of  ice  was 
found  to  exist  in  the  region  of  stability  of  ice  V,  being 
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totally  metastable  with  respect  to  ice  V.  Since  the  H20 
phase  that  Tammann  had  named  ice  IV14  was  still  unconfirmed, 
it  was  replaced  in  the  numbering  scheme  by  this  new,  meta¬ 
stable  phase,  the  H20  form  of  which  had  never  been  prepared. 
Otherwise  the  phase  diagrams  for  DO  and  HO  were  very  sim- 
ilar  though  not  identical.  The  triple  points  for  the  D20 
equilibria  occurred  2  to  3.5  K  higher  in  temperature  and 
0.3  to  0.6%  higher  in  pressure  than  the  corresponding  points 
for  H20,  with  the  difference  decreasing  as  the  pressure  was 
increased . 

In  1937  Bridgman18  extended  the  phase  diagram  of  H20 
to  44  kbar,  discovering  ice  VII.  The  melting  curve  of  ice 
VII  was  extended  to  170  kbar  by  Pistorius  et  al19'20  with  no 
indication  of  new  phases  at  very  high  pressures. 

The  remaining  ice  phases  were  discovered  by  methods 
other  than  pressure-volume-temperature  measurements .  Dielec¬ 
tric  studies  by  Whalley  et  al21  '22  have  shown  that  ice  VII 
and  ice  III  undergo  disorder-to-order  transitions  on  cooling, 
to  yield  ice  VIII  at  0°C21  and  ice  IX  at  ~-100  C22  respec¬ 
tively  . 

Evans23  and  Engelhardt  and  Whalley24  have  used  nucle¬ 
ating  compounds  to  promote  the  formation  of  H20  ice  IV,  but 
Nishibata25  was  able  to  prepare  H20  ice  IV  several  times 
from  ice  VI  without  their  use.  Reports  of  its  structure26 
and  infrared  spectrum27  have  eliminated  any  doubt  of  the 
existence  of  ice  IV.  Thus,  ten  crystalline  ice  phases  are 
agreed  to  exist.  The  existence  of  three  other  phases  of 
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ice  has  recently  been  suggested  by  experiment6 ' 2 8 ' 2 9  but 
the  evidence  is  still  inconclusive.  There  also  exists  one 
amorphous  phase30  and  a  second  with  greater  density  has  been 
reported  once.31 

The  phase  diagram  provides  information  about  the  order 
or  disorder  of  the  ice  phases  through  the  entropy  changes  at 
the  transitions.32  The  entropy  change  is  calculated  from  the 
phase  diagram  and  the  volume  change  at  the  transition  via 
the  Clausius  equation. 


dT  _  AV 
dp  AS 


(1.1) 


The  volume  change  is  negative  for  all  transitions  which  pro¬ 
ceed  from  low  to  high  pressure,  and  is  close  to  zero  for  all 
transitions  whose  temperature  is  independent  of  pressure. 
Thus  the  entropy  change  for  a  transition  that  occurs  with 
increasing  pressure  is  negative  if  dT/dp  is  positive,  and 
vice  versa,  is  nearly  zero  if  dT/dp  is  very  large,  and  is 
very  large  if  dT/dp  is  very  small.  Significant  entropy 
changes  are  usually  attributed  to  changes  in  zero  point 
entropy,  since  changes  in  vibrational  entropy  are  usually 
small.  Ice  Ih  is  disordered33  and  the  above  arguments 
indicate  that  ices  III,  IV,  V,  VI  and  VII  are  disordered  to 
a  similar  extent,  while  ices  II,  VIII  and  IX  are  much  more 
ordered.  These  indications  are  supported  by  X-ray  diffrac¬ 
tion,26  neutron  diffraction, 6 •  2 9 ' 3 4 ” 3 9  dielectric  relaxa¬ 
tion,21'22'40  and  infrared  measurements,2'41-49  and  ice 
II  and  ice  VIII  are  believed  to  be  fully  ordered  while  ice 


7 


IX  is  very  nearly  ordered. 

Before  leaving  the  phase  diagram  it  is  desirable  to 
indicate  the  criteria  that  Whalley8  used  to  extrapolate 
several  of  the  stable  and  metastable  lines.  The  Ih  -  II 
line ,  the  Ih  -  III  metastable  line,  the  III  -  V  metastable 
line,  the  II  -  VI  line,  the  V  -  VI  metastable  line,  and  the 
VI  -  VIII  line  are  linear  extrapolations  of  the  measurements. 
The  Ih —  IX  metastable  line,  the  IX-  V  metastable  line,  and 
the  IX  -  VI  metastable  line  have  not  been  measured  but  their 
slopes  at  the  triple  points  are  fixed  by  the  cyclic  condi¬ 
tions  on  the  changes  in  state  functions  about  the  triple 
points . 

It  is  of  particular  interest  to  the  work  in  this 
thesis  that  ice  IX  has  no  region  of  stability  (Figure  1.1). 
It  exists  in  the  region  of  stability  of  ice  II  and  sometimes 
transforms  irreversibly  to  ice  II.22  The  unmeasured  equi¬ 
librium  lines  defining  the  ice  IX  region  of  the  phase  dia¬ 
gram  indicate  that  ice  IX  can  transform  reversibly  only  to 
the  ices  Ih,  III,  V  and  VI.  Ice  IX  clearly  exists  only 
because  it  does  not  transform  readily  to  ice  II.  The  only 
transformation  to  ice  IX  that  has  ever  been  observed  is  the 
III-*  IX,  disorder  -*  order ,  transition.  It  follows  that  the 
only  known  method  to  prepare  ice  IX  is  through  ice  III,  for 
example  through  the  sequence  Ih  -*  III  -*  IX . 

1.3  The  Crystal  Structures  of  the  Ices 

The  fundamental  difference  between  the  ice  phases  is, 
of  course,  the  crystal  structure,  that  is,  the  location  of 


8 


both  the  oxygen  atoms  and  the  hydrogen  or  deuterium  atoms 
in  the  crystal  lattice.  The  structure  of  a  phase  must  be 
known  if  its  vibrational  spectra  are  to  be  fully  interpreted. 
Therefore  the  structures  of  the  ice  phases  are  discussed  in 
this  section.  A  more  complete  and  detailed  treatment  can 
be  found  in  reviews.3-8 

The  crystalline  ices  are  classified  as  either  ordered 
or  disordered,  meaning  orientationally  ordered  or  orienta- 
tionally  disordered.  In  the  ordered  phases,  each  water 
molecule  in  a  unit  cell  generates  corresponding  molecules 
in  other  unit  cells  through  translational  symmetry  opera¬ 
tions,  and  the  orientations  of  all  corresponding,  or  trans- 
lationally  equivalent,  molecules  are  identical.  Thus  the 
crystallographic  unit  cell,  which  is  determined  by  diffrac¬ 
tion  studies,  of  ordered  crystals  is  the  same  as  the  unit 
cell  that  is  repeated  exactly  throughout  the  crystal.  In 
the  disordered  ices,  molecules  are  still  related  to  corres¬ 
ponding  molecules  through  translational  operations,  but 
several  orientations  occur  with  equal  (for  totally  disordered 
crystals)  or  preferred  (for  partially  ordered  crystals)  prob¬ 
ability  within  each  set  of  translationally-equivalent  mole¬ 
cules.  The  crystallographic  unit  cell  of  a  disordered  crys¬ 
tal  is  the  weighted  average  of  the  unit  cells  that  actually 
form  the  crystal.  The  crystallographic  space  group  reflects 
this  averaging  over  the  crystal  that  necessarily  occurs  in 
structural  determinations. 

The  third  type  of  'ice'  is  amorphous  ice  or  amorphous 
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solid  water,44  for  which  there  are  no  translationally  equiv¬ 
alent  molecules  and  therefore  no  unit  cell.  Obviously  the 
structure  of  amorphous  ice  is  not  known  in  as  much  detail 
as  those  of  the  crystalline  ices,  and  it  will  not  be  dis¬ 
cussed  further  here. 

Orientational  disorder  occurs  in  those  phases  for 
which  several  orientations  of  a  water  molecule  have  the  same, 
or  nearly  the  same,  energy.  In  each  of  the  ices,  each  water 
molecule  is  hydrogen  bonded  to  four  surrounding  molecules. 

The  central  water  molecule  is  the  donor  molecule  in  two  of 
the  hydrogen  bonds  and  the  acceptor  in  the  other  two  hydro¬ 
gen  bonds  in  which  it  is  involved.  The  four  molecules  are 
arranged  nearly  tetrahedrally  about  the  central  molecule  in 
all  of  the  ice  phases,  although  the  exact  angles  vary  from 
one  phase  to  another.  There  are,  then,  six  possible  orien¬ 
tations  for  each  molecule.  The  diffraction  symmetry  indi¬ 
cates  that  all  six  orientations  of  a  molecule  in  ice  Ic  have 
the  same  energy,  provided  that  the  orientations  of  the  neigh¬ 
bouring  molecules  adjust  cooperatively.  Thus  ice  Ic  is 
disordered  at  80  K45  and  is  expected  to  be  disordered  at  all 
temperatures.  In  ice  II  one  orientation  for  each  transla- 
tionally-equivalent  set  apparently  has  a  much  lower  energy 
than  all  other  orientations,  because  ice  II  is  ordered  at 
all  temperatures .  3  4  ,  4  0  ,  46  ices  V  and  VI  are  disordered  at 
high  temperatures40  but  show  some  ordering  at  100  K,6'29 
suggesting  that  there  is  only  a  small  energy  difference 
between  orientations  in  ices  V  and  VI  which  becomes  signifi- 
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cant  with  decreasing  temperature. 

Ice  Ih  is  composed  of  planes  of  six-membered  puckered 
rings  that  have  the  'chair'  configuration  in  the  planes 
perpendicular  to  the  crystallographic  c-axis  and  the  'boat' 
configuration  in  the  planes  parallel  to  the  c-axis47  (Figure 
1.2a) .  The  oxygen  atoms  form  the  wurtzite  structure  in  ice 
Ih,  and  thus  there  are  long,  open,  hexagonal  channels  paral¬ 
lel  to  the  c-axis  and  narrower  channels  normal  to  the  c-axis. 
The  structure  of  ice  Ic  is  similar  except  that  all  six-mem- 
bered  rings  have  the  'chair'  configuration  (Figure  1.2b)  and 
so  the  oxygen  atoms  form  the  diamond  structure.  Thus  ice  Ic 
has  narrow  channels  in  several  directions  and  a  very  open 
structure.  In  spite  of  the  different  structures,  ice  Ic  has 
the  same  density  as  ice  Ih47-48  and  each  water  molecule  in 
both  ices  is  tetrahedrally  surrounded  by  four  hydrogen-bonded 
nearest  neighbours  and  twelve  second-nearest  neighbours,  the 

O 

0* • *0  distances,  2.755 ±0.008  and  4.50±  0.01  A  between  120 
and  220  K,33  being  the  same  for  both  phases.  The  oxygen 
atoms  are  arranged  with  nearly  C^v  symmetry  in  ice  Ih  and 
nearly  T^  symmetry  in  ice  Ic.  Therefore  the  diffraction 
site  symmetry  is  C^v  for  molecules  in  ice  Ih  and  T^  in  ice 
Ic.  The  nearest  neighbour  distances  are  required  under 
diffraction  symmetry  to  be  equal  in  ice  Ic,  but  there  is  no 
symmetry  requirement  in  ice  Ih  that  the  0***0  distances 
parallel  to  the  c-axis  are  the  same  as  those  in  planes  perpen¬ 
dicular  to  the  c-axis.  In  fact,  since  the  ratio  c/a = 1.6280 ± 
0.0002  for  ice  Ih  between  13  and  193  K49  does  not  equal  1.6330, 


Figure  1.2  a)  The  structure  of  ice  Ih.  b)  The  structure 

of  ice  Ic.  Only  the  oxygen  positions  are  shown. 
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the  ratio  required  for  tetrahedral  coordination,  then  either 
the  0***0  distances  parallel  to  the  c-axis  are  shorter  than 
those  inclined  to  it  or  the  angles  in  planes 

parallel  to  the  c-axis  are  smaller  than  those  in  planes 
perpendicular  to  c.5  However,  the  deviation  is  very  small 
for  either  of  these  cases,  so  the  nearest-neighbour  geometry 
is  essentially  the  same  for  ices  Ih  and  Ic. 

Ice  Ih  and  ice  Ic  are  orientationally  disordered  at 
all  temperatures,  so  the  hydrogen  atom  positions  always 
average  in  structural  determinations  to  fall  exactly  on  the 
bonded  0***0  line  with  half  of  a  hydrogen  atom  situated 
1.01  A  from  each  oxygen  atom.33  The  H-O-H  angle  is  thus 
given  as  109.5°,  the  tetrahedral  angle.  The  second  moments 
of  the  proton  magnetic  resonance  spectra  of  ices  Ih,  Ic,  II 
and  IX  are  consistent  with  an  average  H-O-H  angle  of  104  ±  1° 
in  each  ice.50  The  D-O-D  angles  in  ices  II  and  IX  have 
since  been  measured  by  neutron  diffraction,34'39  and  the 
average  D-O-D  angles  of  105.4°  in  ice  II  and  105.35°  in  ice 
IX  are  in  reasonable  agreement  with  the  pmr  result.  The 
H-O-H  angle  in  ices  Ih  and  Ic  is  therefore  likely  close  to 
the  gas-phase  value  of  104. 5°. 51  The  H-O-H  angles  can  be 
compared  in  Table  1.1,  where  some  structural  parameters  of 
ices  Ih,  II  and  IX  are  given. 

The  high-pressure  phases  are  denser  than  ice  I,  even 
though  the  hydrogen-bonded  0*«*0  distances  are  greater  than 
in  ice  I.  The  density  increase  results  from  decreases  in 
the  non-bonded  intermolecular  distances,  which  are  accom- 
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Table  1 . 1 


Structural  data 


for  ices  Ih, 


II  and  IX 


b 

ice  Ih 

__  C 
ice  II 

ice  IX  ^ 

crystal  system 

hexagonal 

rhombohedral 

tetragonal 

space  group 

-3 

4 

P63/mmc (D  ) 

R3(C23.) 

P41212(D^) 

density  (g*cm  ) 

0.931 

b 

b 

(1  bar,  110  K) 

1.18 

1.16 

cell  parameters 

a  =a  =4.499  A 

a  =a  =a  =7.78  A 

a=b=6.73  A 

(1  bar,  110  K) 

X  z 

o 

1  Z  J 

O 

no.  of  molecules 
per  unit  cell 

c=7 . 324  A 

4 

01=113.1° 

12 

c=6.83  A 

12 

site  symmetries 

C3v 

ci-  ci 

Cl'  C2 

nearest-neighbour 

I:  2.803(0.956) 

1:  2.750(0.977) 

(0-D) 

2.755(1.008) 

2.768 (0.975) 

2.763(0.972) 

distances 

II:  2.781(0.937) 
2.844(1.014) 

2:  2.797e  (0.979) 

non-bonded  0,#,0 

4.50 

3.340,  3.416, 

3.451,  3.645, 

distances 

3.513,  3.596, ••• 

3.726,  3 .939 , • • • 

D-O-D  angles 

104.5° (?) 

I:  103.2° 

II:  107.6° 

1:  106.0° 

2:  104.7° 

donor 

109.5° 

I:  87.9° 

1:  99 . 17°e 

angles 

II:  99.6° 

2:  100.84° 

other  0* • *0* • »0 

109.5° 

I:  83.8°,  115.1°, 

1:  91.85°,  96.85°, 

angles 

116.0°,  126.2°, 
130.4° 

II:  81.0°,  108.9°, 
118.7°,  121.9°, 
127.7° 

99.18°,  112.67°, 
143.68° 

2:  90.94°,  106.08°, 
106.08°,  128.07°, 
128.07° 

distances  in  A. 


Reference  4.  0,,*0  and  0-D  distances  from  Reference  33.  Non-bonded 

0***0  distances  calculated  from  data  of  Reference  33. 

Reference  34.  I  and  II  refer  to  molecule  type. 

Reference  39.  1  and  2  refer  to  molecule  type.  Non-bonded  0#,,0 

distances  calculated  from  atomic  positions  in  Reference  39. 

recalculated  from  data  in  Reference  39. 
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plished  in  several  ways.5  In  the  phases  that  exist  at  pres¬ 
sures  between  2  and  6  kbar  (Figure  1.1) ,  the  large  empty 
channels  in  the  ice  Ih  structure  (Figure  1.2a)  become  occu¬ 
pied  and  the  nearest  neighbour  coordination  is  distorted 
from  tetrahedral2  6  '  29  '  34  '  35  '  38  '  3  9  ,  4  6  , 52  to  increase  the 

packing  efficiency.  The  molecular  packing  efficiency  is 
further  increased  in  the  very  high  pressure  phases,  ices  VI, 
VII  and  VIII,  in  which  two  open  sublattices  interpenetrate 
but  do  not  interbond.4'6'37'53'54  For  example,  each  of  the 
interpenetrating  sublattices  in  ice  VII  are  the  same  as  the 
ice  Ic  lattice.  The  molecular  orientations  are  totally  dis¬ 
ordered  in  ice  VII,  but  an  ordered  version  of  the  same 
structure  is  found  in  ice  VIII,  where  the  molecular  dipoles 
in  each  sublattice  are  aligned  and  opposed  in  direction  to 
the  dipoles  on  the  other  sublattice. 

The  interesting  structures  of  the  disordered  ices  IV,26 
V 35  '  3  6  /  5  5  and  VI6'  53  are  much  more  complicated  and  are  not 
of  immediate  concern  to  this  thesis  and  will  not  be  discussed. 
The  structure  of  ice  III36  is  the  orientationally  disordered 
form  of  the  ice  IX  structure,38'  39 '  52  so  most  of  the  remarks 
about  the  ice  IX  structure  also  apply  to  ice  III,  if  the 
symmetry  is  understood  to  mean  the  diffraction  symmetry. 

The  structures  of  the  ordered  ices  II  and  IX  are  described 
in  the  remainder  of  this  section. 

—  9 

Ice  II  crystallizes  in  the  space  group  R3  (C  . )  with 
two  occupied  sets  of  general  (C^)  positions,  i.e.  two 
occupied  sites  of  symmetry  C-^  and  multiplicity  six,  for  a 
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total  of  twelve  molecules  in  the  primitive  unit  cell.34/  46 
The  structure  as  viewed  along  the  (3)  axis  is  illustrated 
in  Figure  1.3.  The  hydrogen  atoms  are  fully  ordered  in  the 
positions  shown.  There  are,  thus,  four  different  0-H*»»0 
hydrogen  bonds  in  the  structure,  with  six  of  each  type  per 
unit  cell.  The  water  molecules  on  each  six-fold  site  form 
a  six-membered  puckered  ring  that  sits  on  the  origin  of  the 
rhombohedral  cell  for  the  type  I  molecules  or  on  the  center 
of  the  cell  for  the  type  II  molecules.  Both  types  of  rings 
lie  in  planes  perpendicular  to  the  axis,  which  is  along 
the  rhombohedral  cell  diagonal.  The  six-membered  rings 
suggest  the  structure  of  ice  Ih,  but  they  are  flattened  more 
in  ice  II46  and  the  bonding  between  rings  is  quite  different, 
so  the  relation  between  the  ice  Ih  and  ice  II  structures  is 
not  obvious . 

Ice  IX  crystallizes  in  the  tetragonal  space  group 

4 

^l^l^  (D4 )  with  eight  molecules  (type  1)  on  one  set  of  gen¬ 
eral  positions,  i.e.  one  eight-fold  site  of  symmetry  C-^,  and 
four  molecules  (type  2)  on  one  four-fold  site  of  symmetry  C^r 
for  a  total  of  twelve  molecules  in  the  primitive  unit 
cell.38/  39/52  Figure  1.4  shows  the  structure  as  viewed 
along  the  unique  axis,  the  crystallographic  c-axis.  The 
six-membered  rings  of  ice  Ih  and  ice  II  have  been  replaced 
by  five-,  seven-  and  eight-membered  rings  in  ice  IX,  but 
these  rings  are  not  a  very  distinctive  part  of  the  ice  IX 
structure.  The  structure  is  characterized  by  spiral  chains 
of  water  molecules  (type  1)  around  the  4^  screw  axes  that 


The  unit  cell  of  ice  II.  Type  I  molecules  are 
numbered  1  to  6,  type  II  molecules  are  numbered 
7  to  12.  Six  molecules  from  neighbouring  cells 
are  included. 


Figure  1.3 
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Figure  1.4  The  unit  cell  of  ice  IX.  Type  1  molecules  are 

numbered  1  to  8 ,  type  2  molecules  are  numbered 
9  to  12.  Seven  molecules  from  neighbouring 
cells  are  included. 


18 


bisect  the  a  and  b  cell  edges.  The  spirals  are  linked 
together  by  the  type  2  molecules.  In  their  refinement  of 
the  structure  of  ice  IX,  LaPlaca,  Hamilton,  Kamb  and 
Prakash38  found  evidence  for  about  4%  disorder  in  some  posi¬ 
tions  of  the  deuterium  atoms.  This  disorder  is  real, 
but  it  is  small  enough  to  be  undetectable  by  most  experi¬ 
mental  methods.  Therefore  ice  IX  is  normally  considered  an 
ordered  ice  with  the  hydrogen  atoms  arranged  as  shown. 

There  are  three  different  0-H*»*0  bonds  in  the  structure, 
and  eight  of  each  type  in  the  unit  cell. 

As  shown  in  Table  1.1,  the  nearest-neighbour  0**»0 
distances  are  larger  in  both  ice  II  and  ice  IX  than  in  ice 
Ih  but  some  non-hydrogen-bonded  distances  are  substantially 
shorter  than  the  shortest  in  ice  Ih,  which  explains  the 
increase  in  density.  Although  the  o,,,0,,,0  donor  angles 
are  distorted  by  10°  to  20°  from  the  tetrahedral  angle,  the 
coordination  about  each  molecule  is  still  quasi-tetrahedral . 
The  D-O-D  angles  do  not  equal  the  0***0***0  donor  angles, 
so  the  hydrogen  bonds  are  bent. 

1.4  Vibrations  in  Molecular  Crystals 

The  vibrations  of  molecular  crystals  are  classified  as 
either  intramolecular  or  intermolecular  vibrations.  The 
intramolecular  vibrations  are  vibrations  of  the  gas  phase 
molecules  that  have  been  perturbed  by  intermolecular  forces. 
The  static  and  dynamic  intermolecular  potentials  shift  the 
frequencies  and  couple  molecular  motions  so  that  the  frequency 
of  the  crystal  vibration  may  be  considerably  higher  or  lower 
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than  the  frequency  of  the  analogous  vibration  in  the  gas 
phase  molecule.  Single  peaks  in  the  spectrum  of  the  gas 
often  appear  as  multiplets  in  the  spectrum  of  the  crystal 
because  of  site  splitting,  Davydov  splitting  and  longitu¬ 
dinal  optic-transverse  optic  splitting.  The  intermolecular 
vibrations,  which  are  also  called  lattice  vibrations,  are 
derived  from  the  zero-frequency  rotations  and  translations 
of  the  gas  phase  molecules,  which  are  transformed  by  the 
intermolecular  potential  into  vibrations  with  non-zero 
frequency.  These  effects  are  considered  in  this  section, 
and  the  consequences  of  orientational  disorder  are  discussed. 

There  are  three  symmetry  groups  that  are  important  in 

discussions  of  the  vibrations  of  a  molecular  crystal:  the 

point  group  of  the  free  molecule,  the  site  group,  and  the 

unit-cell  group.  The  point  group  of  the  free  molecule5 6-5  9 

is  the  well-known  group  formed  by  the  symmetry  elements 

that  leave  the  gas  phase  molecule  invariant.  The  site 

group57'59  is  the  group  formed  by  those  symmetry  elements 

that  leave  the  site  in  the  crystal  invariant.  The  unit-cell 

group,  or  the  factor  group,57'59  is  isomorphous  with  the 

crystal  class,  i.e.  the  point  group  of  symmetry  operations 

that  describes  the  symmetry  of  a  unit  cell.59  The  crystal 

class  can  be  found  by  dropping  the  superscript  on  the 

Schoenflies  symbol  that  accompanies  the  Hermann-Maugin 

symbol  in  the  standard  space  group  notation  for  a  crystal, 

4 

e.g.  in  P4^2^2  (D4  )  the  crystal  class  is  . 

The  symmetry  of  a  molecule  in  a  crystal  is  the  site 
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symmetry  and  is  described  by  the  site  group.  The  site  group 
is  determined  by  the  intra-  and  intermolecular  forces  and  is 
either  the  point  group  of  the  free  molecule  or  one  of  its 
subgroups.  In  the  latter  case,  the  degeneracy  of  a  vibra¬ 
tion  of  the  gas  phase  molecule  may  be  reduced  in  the  crystal, 
causing  site  splitting.  The  intermolecular  forces  also 
cause  the  frequency  of  a  molecular  vibration  in  the  crystal 
to  differ  from  that  in  the  gas  phase,  and  this  is  called  the 
site  shift.  An  example  of  a  site  shift  occurs  in  the  ices, 
in  which  the  O-H  stretching  frequencies  are  much  lower  than 
in  gaseous  water  because  of  the  0-H«**0  bonds.60-62  The 
site  shift  can  also  cause  a  form  of  site  splitting,  which 
may  be  called  multiple  site  splitting,  because  a  non-degen¬ 
erate  vibration  of  a  gaseous  molecule  can  have  two  or  more 
different  frequencies  in  the  crystal  if  two  or  more  sites  are 
occupied.  Site  splitting,  multiple  site  splitting  and  site 
shifts  are  all  caused  by  the  static  intermolecular  potential, 
i.e.  by  the  presence  and  not  the  motion  of  other  molecules, 
and  are  called  static  field  effects.57 

In  a  primitive  unit  cell57'59  containing  m  molecules 
on  one  site,  each  site  group  intramolecular  vibration  is 
m-fold  degenerate  under  the  static  intermolecular  potential. 
However,  an  intramolecular  vibration  is  also  affected  by 
the  dynamic  intermolecular  potential,  i.e.  by  the  motion  of 
other  molecules  and  in  particular  by  the  relative  phase  of 
the  same  vibration  in  other  molecules.  Therefore  the  m-fold 
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degeneracy  is  removed  when  the  m  vibrations  couple  to  form 
m  unit-cell-group  vibrations,  usually  called  the  unit-cell- 
group,  or  factor-group,  components.  The  splitting  of  a  site- 
group  vibration  into  unit-cell-group  components  is  known  as 
Davydov  splitting  or  correlation  splitting,  and  the  effect 
of  site  splitting  and  Davydov  splitting  together  is  known 
as  unit-cell-group  or  factor-group  splitting.57'59 

The  frequency  difference  between  the  unit-cell-group 
components  is  determined  by  the  magnitude  of  the  dynamic 
intermolecular  forces,  i.e.  by  the  magnitude  of  the  inter- 
molecular  coupling.  When  the  coupling  is  sufficiently 
large,  the  unit-cell-group  components  can  be  resolved. 

When  the  intermolecular  coupling  is  small,  the  unit-cell- 
group  components  may  not  be  resolved  and  the  vibrations  of 
each  molecule  are  essentially  unaffected  by  those  of  its 
neighbours.  In  the  latter  case  it  is  common  and  useful  to 
assign  the  spectrum  to  site-group  vibrations. 

The  intermolecular  vibrations  of  a  crystal  arise  from 
the  rotational  and  translational  degrees  of  freedom  of  the 
molecules.  Thus,  for  a  crystal  with  m  non-linear  molecules 
in  the  primitive  unit  cell  there  are  3m  rotational  and  3m 
translational  lattice  vibrations,  and  the  frequency  is 
necessarily  zero  only  for  the  three  translational  lattice 
vibrations  that  correspond  to  translations  of  the  entire 
unit  cell.  The  non-zero  frequencies  of  intermolecular 
vibrations  are  solely  due  to  intermolecular  forces,  so  they 
are  highly  coupled  vibrations  and  are  only  usefully  described 
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as  unit-cell-group  vibrations. 

So  far  the  discussion  has  focussed  on  the  vibrations 
of  a  single  molecule  in  the  solid  (static  field  effects) 
and  on  the  effect  of  coupling  of  the  vibrations  of  the 
molecules  in  one  unit  cell  (unit-cell-group  splitting) .  The 
final  consideration  is  the  coupling  of  vibrations  in  differ¬ 
ent  unit  cells.  The  actual  crystal  vibrations  extend 
throughout  the  crystal  and  are  spatially  periodic  with  wave¬ 
length  A  because  of  the  periodicity  of  the  potential  energy. 
A  crystal  vibrational  state  is  characterized  by  its  vibra¬ 
tional  frequency,  v  (k)  or  v,  and  by  its  spatial  periodicity, 
which  is  specified  by  its  wavevector  k,  where  |k|  =  1/A  and 
the  direction  of  k  is  the  direction  of  propagation  of  the 
vibration-wave.  The  plots  of  v (k )  versus  k  are  called  the 
dispersion  curves.  The  dispersion  curves  in  two  directions 
for  a  covalent  crystal  with  the  diamond  structure  and  two 
atoms  in  the  unit  cell  are  shown  in  Figure  1.5.  These  are 
also  the  dispersion  curves  for  the  translational  lattice 
vibrations  of  any  molecular  crystal  with  the  diamond  struc¬ 
ture,  e.g.  ice  Ic  with  the  water  molecules  treated  as  point 
masses.  The  origin  of  the  wavevector  axis  is  called  the 
Brillouin  zone  center,  and  it  represents  those  vibrations 
that  have  the  same  phase  in  all  unit  cells  of  the  crystal. 
The  positions  of  maximum  unique  wavevector,  k  =  (2a)-1, 
where  a  is  the  cell  length  in  the  direction  of  propagation, 
define  the  Brillouin  zone  boundary  and  represent  those 
vibrations  that  are  180°  out  of  phase  in  neighbouring  cells 
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Figure  1.5  The  dispersion  curves  in  the  [100]  and  [111] 

directions  for  a  covalent  crystal  with  the 
diamond  structure.  Redrawn  from  Reference  63. 


along  the  direction  of  propagation. 

Each  vibration  of  a  single  unit  cell  gives  rise  to  a 
separate  branch  in  the  dispersion  curve  diagram.  Each 
branch  contains  N  discrete  points,  where  N  is  the  number  of 
unit  cells  along  the  direction  of  propagation,  but,  since  N 
is  very  large,  each  branch  is  essentially  continuous.  There 
are  3m  branches  of  translational  vibrations  for  a  covalent 
crystal  with  m  atoms  in  the  unit  cell,  as  shown  in  Figure 
1.5  for  diamond  with  two  atoms  in  the  primitive  unit  cell. 
The  three  branches  for  which  the  frequency  is  zero  at  k  =  0 
are  called  acoustic  branches  while  the  others  are  optic 
branches.  The  longitudinal  acoustic  (LA)  and  longitudinal 
optic  (LO)  branches  in  Figure  1.5  correspond  to  vibrations 
with  atom  displacements  along  the  propagation  direction. 

The  vibrations  in  the  transverse  acoustic  (TA)  and  trans¬ 
verse  optic  (TO)  branches  in  Figure  1.5  are  doubly  degen¬ 
erate  and  correspond  to  vibrations  with  atom  displacements 
perpendicular  to  the  propagation  direction. 

The  dispersion  curves  for  a  molecular  crystal  are 
similar  to  those  for  a  covalent  crystal  (Figure  1.5)  but 
include  optic  branches  due  to  the  rotational  vibrations  and 
the  intramolecular  vibrations.  If  there  are  m  N-atomic 
molecules  per  primitive  unit  cell  there  are  m ( 3N  -  6)  branche 
[m (3N  -  5)  for  linear  molecules]  of  dispersion  curves  due  to 
intramolecular  vibrations  and  3m  branches  [2m  for  linear 
molecules]  due  to  rotational  vibrations,  in  addition  to  the 
3m  -  3  optic  and  3  acoustic  branches  due  to  translational 
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vibrations.  The  crystal  vibrations  at  the  Brillouin  zone 
center  are  the  same  as  the  vibrations  of  one  primitive  unit 
cell '  which  were  discussed  earlier.  Thus,  at  the  zone 
center  the  frequencies  of  the  intramolecular  vibrations  are 
perturbed  from  those  of  the  isolated  molecules  by  site  shifts, 
and  are  split  into  unit-cell-group  components  by  site  split¬ 
ting,  multiple  site  splitting  and  Davydov  splitting  within 
each  range,  with  the  frequency  separations  between  the 
resultant  unit-cell-group  components  depending  on  the  inter- 
molecular  coupling.  Away  from  the  zone  center,  the  inter- 
molecular  forces  determine  the  amount  of  dispersion,  i.e. 
the  wavevector  dependence  of  the  frequency,  of  each  branch. 

As  examples,  the  dispersion  curves  of  ices  Ic,  Ih,  II  and 
IX  are  discussed  in  the  following  paragraphs . 

For  ice  Ic  the  water  molecules  have  been  represented63 
by  point  masses  so  that  the  dispersion  curves  of  the  trans¬ 
lational  vibrations  are  approximated  by  Figure  1.5.  The 
dispersion  curves  of  the  translational  vibrations  of  an 
ordered  model  of  ice  Ic  in  which  the  hydrogen  atoms  were  not 
neglected  have  also  been  calculated  and  were  found  to  be 
similar  to  those  in  Figure  1.5,  but  the  vibrations  in  the 
transverse  branches  were  no  longer  degenerate.64  In  both  the 
point-mass  and  the  ordered— molecule  models  the  dispersion 
curves  of  the  translational  vibrations  of  ice  Ic  span  the 
0  to  ~325  cm  1  frequency  range.  No  information  exists  about 
the  higher  frequency  branches  of  ice  Ic  but,  for  an  ordered 
model  of  ice  Ic,  they  must  consist  of  six  optic  branches  of 
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rotational  vibrations,  probably  in  the  400  to  1000  cm  1 
range,  two  optic  branches  around  1600  cm-1  due  to  the  bend¬ 
ing  vibration  of  the  water  molecules,  and  four  optic 
branches  around  3200  cm  ^  of  the  symmetric  and  antisymmetric 
O-H  stretching  vibrations  and  v^. 

Ice  Ih  has  four  molecules  in  the  primitive  unit  cell. 
Therefore  its  dispersion  curves  are  more  complicated  than 
those  for  ice  Ic,  with  twice  the  number  of  branches  in  the 
same  spectral  ranges.  The  inelastic  neutron  scattering  by 
the  vibrations  of  the  dispersion  curves  of  ice  Ih 
has  been  measured65'66  and  the  dispersion  curves  of  the 
translational  vibrations  have  been  calculated65-71  using 
various  force  fields  with  reasonable  agreement  between 
workers,  particularly  below  240  cm  The  curves  calculated 

by  Wong,  Klug  and  Whalley67  are  shown  in  Figure  1.6.  Bosi 
et  al68  have  calculated  the  dispersion  curves  of  the  rota¬ 
tional  vibrations  of  an  ordered  model  of  ice  Ih  and  reported 
low  dispersion  in  this  region.  Nothing  is  known  about  the 
dispersion  curves  of  the  intramolecular  vibrations  of  ice  Ih. 

The  dispersion  curves  for  ice  II  or  ice  IX,  each  with 
twelve  molecules  in  the  primitive  unit  cell,  have  108 
branches,  with  3  acoustic  and  33  optic  branches  below  325 
cm  1  of  translational  vibrations,  36  optic  branches  between 
400  and  1000  cm  ^  of  rotational  vibrations,  12  optic 
branches  around  1600  cm  1  of  bending  vibrations,  and  24 
optic  branches  around  3200  cm  ^  of  O-H  stretching  vibrations. 
It  follows  that  the  dispersion  curve  diagrams  for  ice  II  and 


Figure  1.6  Calculated  dispersion  curves  in  high  symmetry 

directions  for  ice  Ih.  Modified  from  Reference 
67.  Transverse  optic  and  longitudinal  optic 
branches  are  labelled  T  and  L;  transverse 
acoustic  and  longitudinal  acoustic  branches  are 
labelled  TA  and  LA. 
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ice  IX  are  complex,  but  the  curves  have  neither  been 
measured  nor  calculated.  However  it  is  not  necessary  to 
know  the  dispersion  curves  of  an  ordered  crystal  to  inter¬ 
pret  its  optical  spectra ,  and  this  is  now  shown. 

The  vibrations  that  are  observed  in  the  optical  spectra 
of  a  crystal  are  those  that  obey  the  selection  rules  for 
infrared  or  Raman  activity.  The  first  selection  rule 
requires  that  there  be  energy  conservation,  so  that  the 
energy  gain  by  the  crystal  equals  the  energy  loss  of  the 
photon.  The  second  selection  rule  requires  that  there  be 
conservation  of  momentum,  so  that  the  gain  in  crystal  momen- 
turn  hkp  equals  the  loss  of  photon  momentum.  In  ordered 
crystals  this  can  occur  in  absorption  only  if  the  wavevector 
of  the  excited  crystal  vibration  equals  the  wavevector  of 
the  incident  photon;  in  Raman  scattering  the  wavevector  of 
the  incident  photon  must  equal  the  vector  sum  of  the  wave- 
vectors  of  the  scattered  photon  and  the  excited  crystal 
vibration.  Thus,  in  either  absorption  or  scattering  only 
one  vibration  per  branch  can  satisfy  the  momentum  selection 
rule,  so  the  number  of  translational,  rotational  and  intra¬ 
molecular  vibrations  of  an  ordered  crystal  that  are  poten¬ 
tially  observable  equals  the  number  of  branches  of  dispersion 
curves.  Furthermore,  the  wavevectors  of  infrared  and  visible 

light  dictate  that  the  wavevectors  of  vibrations  excited  by 

4  -1 

absorption  must  be  less  than  ~10  cm  ,  while  the  wavevectors 
of  vibrations  excited  in  Raman  scattering  must  be  less  than 
~105  cm  1 .  In  both  cases  the  wavevector  of  the  active 


29 


vibrations  is  small  compared  to  the  wavevectors  of  ~108  cm  ^ 
for  vibrations  at  the  zone  boundary.  The  approximation 
usually  used  is  that  the  optically-active  vibrations  of  an 
ordered  crystal  must  have  zero  wavevector. 

In  orientationally-disordered  crystals,  on  the  other 
hand,  there  is  no  momentum  selection  rule,  so  all  of  the 
vibrations  are  optically  active.  The  infrared  or  Raman 
spectrum  is  then  I(v)*g(v),  where  I(v)  is  the  infrared  or 
Raman  intensity  function  for  a  vibration  with  frequency  v 
and  g(v)  is  the  density  of  states  function,  which  describes 
the  number  of  vibrational  states  with  frequency  v .  The 
density  of  states  is,  therefore,  extremely  important  in 
interpreting  the  spectra  of  disordered  crystals.  These 
points  are  discussed  later  in  this  section. 

For  ordered  crystals  the  wavevector  selection  rule  is 
a  necessary  but  not  sufficient  condition  for  optical  activ¬ 
ity.  The  zero-wavevector  approximation  means  that  the  forms 
of  the  vibrations  are  subject  to  the  symmetry  of  the  unit¬ 
cell  group,  just  as  the  vibrations  of  molecules  in  the  gas 
phase  are  subject  to  the  symmetry  of  the  molecular  point 
group.  The  infrared-active  vibrations  must  have  a  non-zero 
dipole  moment  change  ( 3 y_/ 3  Q )  ,  or  in  quantum  mechanical 
language  a  non-zero  transition  moment,  so  they  must  have 
the  same  symmetry  under  the  unit-cell  group  as  a  component 
of  the  dipole  moment  jq.  The  Raman-active  vibrations  must 
have  a  non-zero  polarizability  derivative  (9ct/9Q)  ,  so  they 
must  have  the  same  symmetry  under  the  unit-cell  group  as  a 
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component  of  the  polarizability  a.  The  infrared-  and  Raman- 
active  vibrations  of  a  crystal  are  readily  determined 
through  the  correlation  method5 9 '  73  by  which  the  represen¬ 
tations  formed  by  the  vibrations,  rotations  and  translations 
under  the  point  group  of  an  isolated  molecule  are  correlated 
to  the  representations  of  the  intramolecular  and  intermolec- 
ular  vibrations  under  the  unit— cell  group  of  the  crystal, 
through  the  site  group.  In  the  following  paragraphs  this 
method  is  applied  to  ice  II  and  ice  IX. 

In  the  first  step  of  the  correlation  method,  the 
representation  of  the  degrees  of  freedom  of  the  isolated 
molecule  are  determined.  These  are  given  in  Table  1.2  for 
a  water  molecule.  The  three  vibrational,  three  rotational 
and  three  translational  degrees  of  freedom  form  the  repres¬ 
entations  2A^  +  B-^,  A 2  +  +  B2  and  A-^  +  B-^  +  B2  respectively 

under  the  point  group  C2v*  The  two  O-H  stretching  displace¬ 
ments  form  a  totally  symmetric  (A1)  vibration  and  an  anti¬ 
symmetric  (B^)  vibration  under  the  point  group,  and  these 
are  labelled  and  respectively.74  The  bending  vibra¬ 
tion,  which  is  also  totally  symmetric,  is  labelled  v2.74 

The  representations  under  the  point  group  are  then 
correlated  to  the  representations  under  the  site  group  and 
the  unit-cell  group.  The  unit-cell  group  of  ice  II  is 
isomorphous  with  the  point  group  =  Sg.  The  twelve  mole¬ 
cules  in  the  unit  cell  occupy  two  sets  of  general  positions, 
so  the  site  group  is  C1  for  each  type,  I  and  II,  of  water 
molecule.  The  correlation  table56'57'59  for  ice  II  is 
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Table  1.2 

Representations  of  the  degrees  of  freedom  of 
a  water  molecule  in  the  gas  phase 


normal  modes 
of  vibration 


intermolecular 
degrees  of  freedom 


representation 

under  C„ 

2v 


T 

z 


V 


3 


R 

z 


A 


2 


B 


2 


The  normal  modes  of  vibration  of  the  water  molecule 
are : 


axis  convention: 


z 


>► 


y 


X 
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shown  in  Table  1.3.  Each  degree  of  freedom  of  the  isolated 

molecule  yields  the  regular  representation  T=  A  +E  +A  +E 

g  g  u  u 

under  the  unit-cell  group.  The  combined  contributions  from 
type  I  and  type  II  molecules  to  the  vibrational  representations 
are  given  in  Table  1.3,  where  F^  is  the  total  representation 
formed  by  the  0-H  stretching  vibrations,  T ^  is  the  represen¬ 
tation  formed  by  the  intramolecular  bending  vibrations,  and 
r r  and  rT  are  the  representations  formed  by  the  rotational 

and  translational  optic  vibrations.  T  , .  is  the 

acoustic 

representation  formed  by  the  acoustic  translational  vibrations, 

which  have  zero  frequency  at  zero  wavevector  and  thus  are  not 

observed.  The  infrared-active  vibrations  have  A  or  E 

u  u 

symmetry  under  the  unit-cell  group,  while  the  Raman-active 

vibrations  have  A  or  E  symmetry.  The  number  of  vibrations 

y  y 

that  are  infrared  or  Raman  active  are  given  in  Table  1.3  for 
each  type  of  vibration.  No  vibrations  are  active  in  both  the 
infrared  and  Raman  because  the  unit-cell  group  is  centro- 
symmetric . 

The  unit-cell  group  of  ice  IX  is  isomorphous  to  the 
point  group  .  Eight  molecules  (type  1)  occupy  one  set  of 
general  positions  and  four  molecules  (type  2)  occupy  one  C2 
site,  so  the  site  group  is  for  type  1  molecules  and  C2 
for  type  2  molecules.  From  the  correlation  table  56 '  5 7,5 9 
for  ice  IX  in  Table  1.4,  each  degree  of  freedom  of  type  1 
molecules  yields  the  regular  representation  T  =  A^  +  A2  +  B^  + 
B2  +  2E,  while  the  degrees  of  freedom  of  type  2  molecules  with 
symmetry  A^  or  A2  under  C2v  (i.e.  v^,  v2,  Tz  and  Rz)  yield 
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Table  1 . 3 

Correlation  table  and  vibrational  representations  of  ice  II 


Correlation  table  for  each  type  of  water  molecule  in  ice  II 


molecular  site  unit  cell 

point  group  group  group 


Vibrational  representations  of  ice  II 


r  =  4A  +  4E  +  4A  +  4E 

OH  g  g  u  u 

r  =  2A  +  2E  +  2A  +  2E 

V2  g  g  u  u 

r  =  6A  +  6E  +  6A  +  6E 

R  g  g  u  u 

r  =  6A  +  6E  +  5A  +  5E 

T  g  g  u  u 

r  .  =  A  +  E 

acoustic  u  u 


no.  of  active  vibrations 


infrared  Raman  ir  and 
activea  active3  Raman  active 

8  8  0 

4  4  0 

12  12  0 

10  12  0 


A  and  E  vibrations  are  Raman  active.  A  and  E  vibrations  are 
g  g  u  u 

infrared  active. 
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Table  1 . 4 

Correlation  table  and  vibrational  representations  of  ice  IX 


Correlation  tables  for  ice  IX 


Molecules  of  type  1 


Molecules  of  type  2 


molecular  site 
point  group  group 


unit  cell 
group 


molecular  site 

point  group  group 


unit  cell 
group 


D 


4 


a,b 


Vibrational  representations  of  ice  IX 

no.  of  active  vibrations 


infrared 

Raman 

ir  and 

active3 

active3 

Raman  active 

r 

OH 

"  3A1 

+ 

3A2  +  3B1 

+  3B2 

+  6E 

9 

15 

6 

r 

V2 

"  2A1 

+ 

A2  +  B1  + 

2B2  + 

3E 

4 

8 

3 

rR 

"  4A1 

+ 

5A2  +  5B1 

+  4B2 

+  9E 

14 

22 

9 

rT 

“  4A1 

+ 

4A2  +  5B1 

+  4B2 

+  8E 

12 

21 

8 

r 

acoustic 

— 

A2  +  E 

— 

- 

- 

A2  and  E  vibrations  are  infrared  active.  All  except  A vibtations  are 
Raman  active . 

C2"  of  is  at  45°  to  the  a  axis  of  Reference  39. 
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T  =  +  E  under  the  unit-cell  group  and  those  with 

symmetry  B,  or  B0  under  C0  (i.e.  v~,  T  ,  T  ,  R  and  R  ) 

1  2  2v  3  x  y  x  y 

yield  T  =  A2  +  B^  +  E  under  the  unit-cell  group.  The  total 
vibrational  representations  for  ice  IX  and  the  number  of  vi¬ 
brations  that  are  active  in  the  infrared  and  Raman  are  given 
in  Table  1.4. 

As  noted  above,  the  k=0  selection  rule,  on  which  the 
above  unit-cell-group  symmetry  analysis  is  based,  is  an 
approximation  to  the  correct  k=K  selection  rule,  where  K  is 
the  wavevector  of  the  incident  light.  A  clear  indication 
that  this  approximation  is  imperfect  is  the  observation  of 
longitudinal  optic-transverse  optic  splitting  in  the  Raman 
scattering  by  vibrations  that  are  infrared  active.  If  k=0 
the  vibration  wave  does  not  propagate  through  the  crystal. 

If  k=K  the  vibration  wave  does  propagate  in  the  direction  of 
K,  even  though  K  is  very  small,  and  the  dipole  moment  change 
that  accompanies  an  infrared-active  vibration  can  be  either 
parallel  to  k,  yielding  a  longitudinal  optic  mode,  or  perpen¬ 
dicular  to  k,  yielding  a  transverse  optic  mode.  Because  of 
the  interaction  between  the  oscillating  dipole  moments,  which 
extends  over  a  long  range,  the  frequency  of  the  longitudinal 

optic  mode  is  greater  than  that  of  the  transverse  optic  mode. 

2  2  2 

Specifically,  for  cubic  crystals,  vLQ  -  vTQ  «  Oy/3Q)  ,  i.e. 
to  the  infrared  intensity.  The  longitudinal  optic  mode  is  not 
infrared  active  because  k  is  parallel  to  K  in  all  absorption 
processes  and  therefore  the  dipole  moment  change  accompanying 
the  vibration  is  parallel  to  K  for  a  longitudinal  optic 
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mode  and  it  cannot  interact  with  the  electric  vector  of  the 
radiation  that  is  perpendicular  to  K.  The  dipole  moment 
change  accompanying  vibrations  excited  in  Raman  scattering, 
however,  may  be  perpendicular  or  parallel  to  k.  Thus  both 
the  longitudinal  and  transverse  optic  modes  are  Raman  active 
under  certain  polarizations  and,  of  course,  appear  as  separ¬ 
ate  peaks  in  the  spectrum  instead  of  the  single  peak  predicted 
by  the  unit-cell-group  analysis.  It  should  be  noted  that 
this  definition  of  longitudinal  optic  and  transverse  optic 
modes  is  quite  different  from  that  used  to  describe  branches 
of  the  dispersion  curve  diagram  due  to  translational  vibra¬ 
tions  (Figure  1.5),  which  is  based  on  the  direction  of  dis¬ 
placement  of  the  oscillating  masses  being  parallel  or  per¬ 
pendicular  to  k. 

The  approach  taken  in  the  treatment  of  the  vibrations 
of  an  orientationally  disordered  crystal  depends  on  whether 
the  potential  energy  governing  the  form  of  the  vibrations 
is  periodic  (regular)  or  irregular.  The  approximately  reg¬ 
ular  positioning  of  the  molecular  centers  of  mass  in  an 
orientationally  disordered  crystal  indicates  that  the  part 
of  the  intermolecular  potential  energy  that  determines  the 
molecular  positions  in  the  crystal  is  approximately  periodic. 
Since  this  part  of  the  potential  energy  also  determines  the 
translational  lattice  vibrations,  then  as  long  as  the  trans¬ 
lational  vibrations  do  not  couple  significantly  with  other 
vibrations  of  the  crystal  they  must  be  approximately  mechan¬ 
ically  regular,  and  can  be  represented  as  plane  waves  and 
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described  by  a  wavevector.  It  is  therefore  expected  that  the 
translational  vibrations  of  an  orientationally  disordered 
crystal,  and  hence  the  dispersion  curves  of  the  translational 
vibrations,  are  approximately  the  same  as  those  of  the 
ordered  crystal  that  has  the  diffraction  structure  of  the 
orientationally  disordered  one.  The  other  vibrations  of  an 
orientationally  disordered  crystal,  i.e.  the  rotational  and 
intramolecular  vibrations,  are  determined  by  an  irregular,  or 
non-periodic,  potential  energy  and  thus  are  mechanically 
irregular  vibrations  that  can  neither  be  characterized  by  a 
wavevector  nor  described  by  a  dispersion  curve.  A  much 
different  approach  must  therefore  be  taken  for  these  vibra¬ 
tions  . 

The  following  theory  of  mechanically  regular  vibrations 
in  orientationally  disordered  crystals,  which  was  first 
described  by  Whalley  and  Bertie,75  has  been  used  to  treat  the 
translational  vibrations  of  an  orientationally  disordered 
crystal,  e.g.  in  Ref.  63.  According  to  the  theory,  the 
infrared  or  Raman  spectrum  of  the  translational  vibrations 
of  an  orientationally  disordered  crystal  is  the  combination 
of  an  order-allowed  spectrum  and  a  disorder-allowed  spectrum. 
The  order-allowed  spectrum  results  from  the  regular  part  of 
the  dipole  moment  or  polarizability  derivative,  and  is  con¬ 
fined  to  the  zero-wavevector  vibrations  of  the  diffraction 
structure  that  are  allowed  by  the  diffraction  symmetry  of  the 
crystal.  The  disorder-allowed  spectrum  arises  from  the 
irregular  part  of  the  appropriate  derivative,  which  activates 
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all  ~10  vibrations  per  mole  of  crystal.  The  absorption  or 
scattering  intensity  at  frequency  v  by  these  disorder-allowed 
vibrations  is  given  by  I(v) *g(v) ,  where  g(v)  is  the  density 
of  states  function  and  I(v)  is  the  infrared-absorption  or 
Raman-scattering  intensity  function. 

The  intensity  function  I(v)  describes  the  relative 
intensity  of  a  disorder-allowed  vibration  as  a  function  of 
its  frequency  and  I(v)  describes  the  intensity  of  a  disorder- 
allowed  vibration  relative  to  that  of  an  order-allowed  vi¬ 
bration.  The  absorption  intensity  of  one  disorder-allowed 
vibration  is  a  first-order  effect  of  the  disorder,76  and  is 
approximately  1/N  of  the  intensity  of  order-allowed  vibra¬ 
tions,  where  N  is  the  number  of  unit  cells  in  the  crystal. 
Although  each  disorder-allowed  vibration  is  weak,  so  many 
are  active  that  the  absorption  intensities  of  the  order- 
allowed  and  disorder— allowed  portions  of  the  spectrum  are 
expected  to  be  comparable.75  The  scattering  intensity  of 
the  disorder-allowed  spectrum,  however,  is  a  second-order 
effect  of  the  disorder  and  is  expected  to  be  weak  compared  to 
the  order-allowed  spectrum.76  The  Raman  spectrum  of  the 
translational  vibrations  of  an  orientationally  disordered 
crystal  is  therefore  expected  to  be  dominated  by  the  order- 
allowed  spectrum. 

Whalley  and  Bertie75  showed  that  to  zeroth  approximation 
the  intensity  of  absorption  of  a  disorder-allowed  transla- 
tional  vibration  with  frequency  v  is  proportional  to  v  . 

Klug,  Wong  and  Whalley6 7 ' 76  showed  that  to  zeroth  approxima- 


tion  the  intensity  of  Raman  scattering  is  proportional  to 
v.  Different  assumptions  during  the  derivations  can  lead  to 
other  intensity  functions77  but  it  is  clear  in  all  cases  that 
the  features  in  the  disorder-allowed  spectrum  reflect  feature 
in  the  density  of  states.  An  approximation  to  the  density 
of  states  can  thus  be  obtained  by  dividing  the  disorder- 

allowed  Raman  or  infrared  spectrum  by  v  or  v  . 

The  density  of  states  g(v)  describes  the  number  of 

vibrational  states  with  frequency  v,  and  can  be  found  for 
mechanically-regular  vibrations  from  their  dispersion  curves. 
The  density  of  states  is  in  general  a  slowly  varying  function 
but  exhibits  maxima  or  abrupt  changes  of  slope  (inflection 
points)  at  frequencies  corresponding  to  critical  points  in 
the  Brillouin  zone,  where  a  critical  point  is  defined  as  a 
position  on  the  dispersion  curves  where  all  derivatives 
3v/3k  vanish.78  Thus,  a  maximum  or  inflection  point  in  the 
disorder-allowed  spectrum  is  assigned  to  a  vibration  about 
which  the  dispersion  branch  is  nearly  flat,  and  this  norm¬ 
ally  occurs  at  the  zone  center  or  at  the  zone  boundary. 

Minima  in  the  density  of  states  occur  between  critical 
points,  at  frequencies  for  which  there  are  few  or  no  vibra¬ 
tional  states  of  any  wavevector.  As  a  check  to  the  assign¬ 
ments,  the  frequencies  of  the  vibrations  at  critical  points 
in  the  Brillouin  zone  can  be  calculated  using  model  potential 
functions . 

The  mechanically  irregular  vibrations  of  a  disordered 
crystal  must  be  treated  quite  differently  because  they  are 
not  described  by  a  wavevector  so  that  dispersion  curves  can 
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not  be  defined  for  them.  One  approach  has  been78-81  to 
calculate  the  frequencies  and  normal  coordinates  of  the  vi¬ 
brations  of  a  large,  representative  sample  of  an  orientation- 
ally  disordered  crystal  that  has  been  constructed  so  that 
the  sample  satisfies  cyclic  boundary  conditions  similar  to 
those  of  the  unit  cell  of  an  ordered  crystal.  The  infrared 
or  Raman  intensity  of  each  vibration  can  then  be  estimated 
through  the  bond  moment  or  bond  polarizability  approximation. 
In  a  successful  calculation,  the  calculated  infrared  and 
Raman  spectra  reproduce  the  basic  features  of  the  observed 
spectra,  and  the  calculated  normal  coordinates  are  then  be¬ 
lieved  to  qualitatively  reproduce  the  actual  normal  coor¬ 
dinates  of  the  crystal  to  good  approximation.  Whether  this 
is  actually  accomplished  depends  on  whether  the  structural 
and  potential  energy  models  faithfully  represent  the  struc¬ 
ture  and  forces  of  the  crystal.  Few  such  calculations  have 
been  reported,  and  thus  the  spectra  of  the  mechanically 
irregular  vibrations  of  orientationally  disordered  crystals 
have  normally  been  assigned  in  a  very  general,  qualitative 
way . 

1.5  The  Vibrational  Spectra  of  the  Ices 

Because  of  the  fundamental  significance  of  ice  Ih,  its 
vibrational  spectra  have  been  extensively  studied,  but  the 
interpretation  of  the  spectra  has  been  hampered  by  the  dif¬ 
ficulty  of  treating  orientationally  disordered  and  hydrogen- 
bonded  crystals  theoretically.  The  spectra  of  the  other 
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phases  of  ice  are  therefore  potentially  very  useful  since 
their  spectra  must  reflect  the  structure  of  the  ice  and  may 
be  easier  to  interpret  than  those  of  ice  Ih.  In  particular, 
the  spectra  of  the  ordered  ices,  II,  IX  and  VIII,  hold  prom¬ 
ise  of  being  understood  in  detail  since  the  problems  arising 
from  disorder  are  not  present.  Thus,  as  the  simplest  phases 
of  a  simple  hydrogen-bonded  molecule,  ices  II,  IX  and  VIII 
are  especially  important  in  the  attempt  to  determine  the 
important  intermolecular  interactions  and  to  understand  the 
spectra  of  the  ices  and  hydrogen-bonded  crvstals  in  general. 
The  experimental  facts  and  the  accepted  interpretations  of 
the  spectra  of  the  ices  are  summarized  in  this  section.  A 
more  complete  historical  account  can  be  found  in  various 
reviews . 3 ' 5 ' 8  2" 8  4 

The  spectra  of  the  gas  phase  molecule  are  the  starting 
points  for  the  interpretation  of  the  spectra  of  condensed 
phases,  so  the  vibrations  of  a  gaseous  water  molecule  are 
given  in  Table  1.5.  The  band  due  to  the  symmetric  0-H 
stretching  vibration,  v^,  is  strong  and  the  bands  due  to  the 
H-O-H  bending  vibration,  v2,  and  the  antisymmetric  0-H 
stretching  vibration,  are  weak  in  the  Raman  spectrum 

while  the  reverse  is  true  in  the  infrared.74  and  have 

different  symmetries  in  the  gas  phase,  but  this  is  not  gen¬ 
erally  the  case  in  the  solid.  Because  of  this  and  the  fact 
that  and  occur  at  similar  frequencies,  the  and 
vibrations  are  discussed  together  as  the  0-H  stretching  vi¬ 
brations  in  this  section.  The  0-H  stretching,  H-O-H  bending, 


Table  1.5 


The  vibrations  of  a  water  molecule  in  the  gas  phase 


vibration 

symmetry 

(C2v> 

H20a 

D2° 

HDOa 

V1 

symmetric  0-H  stretch 

3657 

2671 

2727 

V2 

H-O-H  angle  bend 

A1 

1595 

1178 

1402 

V3 

antisymmetric  0-H  stretch 

B1 

3756 

2788 

3707 

a 


From  Reference  83. 
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rotational  and  translational  vibrations  have  quite  different 
frequencies  in  the  ices,  ~3250,  "“1600,  ~800  and  ~200  cm 
respectively,  as  shown  in  Figure  1.7  for  ice  Ih,  so  each  type 
of  vibration  will  be  considered  separately  in  this  section. 

The  discussion  for  each  type  begins  with  the  spectra  of  the 
disordered  ice  Ih  and  continues  with  those  of  the  high 
pressure  ices. 

The  infrared  and  Raman  spectra  of  the  O-H  and  O-D 
stretching  vibrations  of  ice  Ih  consist  of  broad  bands  span¬ 
ning  several  hundred  wavenumbers,  as  shown  in  Figure  1.7. 

There  has  been  much  speculation  about  the  origin  of  the  breadth 
(e.g.  Ref.  82)  but  it  is  now  known  to  result  mainly  from 
strong  coupling  of  the  O-H  oscillators.81'83'66  Perhaps  the 
best  evidence  for  this  is  the  much  narrower  peaks  forming  the 
spectra  of  the  uncoupled  O-H  or  O-D  oscillators,  which  occur 
in  dilute  mixtures  of  HDO  in  D20  or  H20  ice,  and  which  are 
described  as  V0H  (HDO)  and  vQD (HDO)  for  brevity.  These  are 
shown  in  Figure  1.8  for  ice  Ih  and  other  ices.  The  spectra 
of  these  oscillators  have  provided  an  important  key  to  under¬ 
standing  the  spectra  of  the  coupled  oscillator  and  are  the 
starting  point  of  this  discussion. 

A  correlation  between  Vq^(HDO)  or  Vq^(HDO)  and  the 
0***0  distance  (R0»*‘0^  ^  hYdro9en_bonded  crystals  has  long 
been  recognized.60  The  most  recent  study87  yielded 
dv0H/dR0...0  =  1843  cm"1 /A  and  dv0D/dRQ...0  =  1362  cm  1/A 

for  R  =  2.76  A,  the  separation  in  ice  Ih.  The  frequency 

0*  •  *0 

with  the  distance  due  to  an  increase  in  the  O-H  or 


increases 


10  K  /  cm 
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Figure  1.7  The  vibrational  spectra  of  H20  ice  Ih  at  100  K. 

A)  Infrared  spectrum.  B)  Raman  spectrum. 

From  Reference  85. 
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V0H (HDO)  and  vQD(HDO)  of  ice  Ih,  ice  II,  ice  IX 
and  ice  V  at  100  K.  From  Reference  41. 


Figure  1.8 
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0-D  bond  strength  at  the  expense  of  the  H* • *0  or  D***0 
hydrogen  bond  strength. 

The  appearance  of  a  single  peak  due  to  v_u(HD0)  and  a 

single  peak  due  to  VqD(HD0)  of  ice  Ih  (Figure  1.8)  implies 

a  single  0***0  distance  and  hence  that  all  oscillators  are 

equivalent,  even  though  the  diffraction  symmetry  predicts  a 

difference  between  0-H***0  bonds  parallel  and  inclined  to 

the  c-axis.  The  spectroscopic  evidence  actually  agrees  with 

the  structure  since  the  predicted  difference  is  known  to  be 

small.5  The  HDO  frequencies  and  bandwidths  for  ice  Ih  at 

three  temperatures  are  given  in  Table  1.6.  The  infrared 

absorption  by  Vq^(HDO)  below  100  K  has  not  been  reported, 

but  the  measurements  so  far  have  indicated  that  v  (HDO)  is 

OH 

broader  than  vQD (HDO)  at  all  temperatures,  in  both  the  infra¬ 
red  and  Raman  spectra.  It  should  be  noted  that  vr,u(HD0)  and 
vqd(HD0)  are  broader  in  the  infrared  than  in  the  Raman.  The 
25  cm  ^  halfwidth  of  the  absorption  by  (HDO)  in  ice  Ih 
must  be  compared  with  its  halfwidth  of  ~5  cm  ^  in  the  ordered 
ices,  II  and  IX.1'41  The  greater  halfwidth  in  ice  Ih  has 
been  attributed  to  the  small  range  of  0***0  distances  in  ice 
Ih  that  must  be  present  because  of  the  disorder.83'86  From 
the  correlations  between  and  R^_  _,  the  halfwidths  of 

vqh(HD0)  and  of  (HDO)  suggest  a  range  of  0**»0  distances 

O 

of  ~0.015  A,  which  is  consistent  with  the  results  of  the 
diffraction  experiments.31  The  increase  in  v_u(HD0)  and  in 
(HDO)  with  temperature  has  been  attributed  to  an  increase 
in  the  0**«0  separation,  resulting  from  the  thermal  expan- 


Table  1.6 


HDO  frequencies3  (bandwidths3 *)  in  ice  Ih 


Infrared 

Raman 

voh(hd°) 

vod<hdo) 

VOH 

(HDO) 

V0D 

(HDO) 

10 

K 

2413.5  (25)b 

3264.8 

(25. 8) C 

2413.2 

( 17 . 3 ) c 

100 

K 

3270  (35) 

2416  (20) d 

3272.2 

(27 . 0) C 

2418.4 

( 18 . 0) ° 

269 

K 

3300  (60) d 

2445  (40) d 

3314 

(58)  3 

2448 

( 31)  6 

3  Units  in  cm  d.  Bandwidth  is  the  full  width  at  half  height, 
k  Reference  2.  2%  HDO. 

C  Reference  88.  1.5  to  2%  HDO. 

d  Read  from  graphs  in  Reference  89.  0.3  to  0.5%  HDO. 

6  Reference  90.  Bandwidths  estimated  from  spectra.  3%  HDO. 
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sion.5'88  The  increase  in  the  halfwidth  with  temperature 
has  not  been  satisfactorily  explained,  but  it  is  likely  due 
to  anharmonic  effects. 

It  may  be  noted  here  that  Scherer  snd  Snyder  observed 

two  weak  features  to  high  frequency  of  the  v_u(HDO)  and 

OH 

peaks  in  the  Raman  spectrum  that  maintain  the  same 
intensity  relative  to  the  main  peak  for  concentrations  up  to 
25%  HDO . 9  0  They  attributed  these  peaks  to  combinations  of 
v^CHDO)  or  (HDO)  with  translational  lattice  vibrations. 
This  is  the  only  reasonably  definitive  evidence  that  such 
combinations  influence  the  spectra  of  ice,  although  the  struc¬ 
ture  associated  with  X-H  stretching  bands  in  hydrogen-bonded 
X-H« • *Y  systems  has  long  been  attributed  to  combinations  of 
the  type  v (XH)  ±  v(X***Y),  an  assignment  that  is  definitive 
for  gaseous  complexes91  but  much  less  so  in  solids.92 

Haas  and  Hornig93  studied  the  infrared  absorption  by 

HDO  as  a  function  of  HDO  concentration,  at  -190°C.  At  18% 

HDO  in  H20  they  observed  two  distinct  shoulders  at  2393  cm  1 

and  2442  cm-1,  symmetrically  displaced  about  the  main  peak 

at  2416  cm-1.  The  shoulders  were  attributed  to  the  in-phase 

and  out-of-phase  vibrations  of  coupled  0-D  oscillators  on 

neighbouring  HDO  molecules.  From  the  frequencies  and  relative 

intensities  Haas  and  Hornig  deduced  that  the  intermolecular 

°-l 

0-D • • »0-D  coupling  constant  for  ice  Ih  is  -0.123  mdyne  A 

In  summary,  the  studies  of  Vq^(HDO)  and  VqD(HDO)  in 
ice  Ih  showed  that  all  of  the  oscillators  are  essentially 
equivalent,  and  yielded  the  frequency  of  the  inter-  and  intra- 


molecularly  uncoupled  oscillator.  The  strength  of  the  0-H 
or  0-D  bond  was  found  to  increase  with  temperature,  and  there 
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was  evidence  of  combination  bands  of  or  v ^  with  trans- 

OH  OD 

lational  vibrations.  Finally,  the  value  of  the  intermolecular 
0-D • • *0-D  coupling  constant  for  ice  Ih  was  found  to  be 
-0.123  mdyne  A  ^ . 

Ritzhaupt,  Thornton  and  Devlin94  recently  prepared 
intermolecular ly  uncoupled  D20  in  H20  ice  Ic  by  simultaneous 
codeposition  of  a  dilute  beam  of  D20  with  a  dense  stream  of 
H20  molecules  onto  a  thin  film  of  H20  ice  Ic  held  at  135  K. 
Uncoupled  H20  in  D20  ice  Ic  was  prepared  by  a  similar  method  95 
and  the  infrared  and  Raman  spectra  of  both  samples  have  been 
reported.  94'95  The  peaks  that  were  observed  at  3200  and 
3270  cm  1  in  the  spectrum  of  uncoupled  H20  at  90  K  (2367  and 
2444  cm  for  D20)  were  assigned  9 4 , 9  5  to  and  respectively, 
and  the  peak  at  1732  cm  ^  (1230  cm  ^  for  D20)  has  been  assign¬ 
ed94,95  to  \>2.  The  frequency  difference  between  and 
vqh(HDO)  at  3270  cm-1  at  90  K  (2418  cm-1  for  vOD(HDO))95 
suggests,  after  allowance  is  made  for  anharmonic  effects, 
that  the  harmonic  intramolecular  stretch-stretch  interaction 
force  constant  krr .  is  ~0.06  mdyne  A  9  5  ,  9  6  in  ice  j  f  which 
compares  to  -0.101  mdyne  A  for  the  gaseous  water  molecule.96 
The  asymmetric  splitting  of  v1  and  about  vQH(HD0)  and 
VqD(HDO)  has  been  attributed  to  Fermi  resonance  of  2v2  with 
v195,96  and  this  is  the  only  direct  evidence  that  Fermi 
resonance  does  influence  the  spectra  of  the  ices.  The  results 
of  this  experiment  were  not  available  for  any  of  the  calcu- 
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lations  that  are  discussed  in  this  section,  but  the  results 
support  the  previous  indications  1 • 2 •  8 1  of  a  more  positive 
value  of  krr ,  in  the  ices  than  in  the  gaseous  molecule. 

The  O-H  or  O-D  stretching  bands  in  the  spectrum  of 
H2°  or  D20  ice  Ih  arise  from  the  coupled  H20  or  D20  stretching 
vibrations,  and  are  described  as  v_„(Ho0)  and  v„(Do0).  The 
vibrations  are  mechanically  irregular,  as  explained  in  Section 
1.4,  so  the  interpretation  of  their  spectra  has  been  largely 
qualitative,  speculative  and  simplistic,  although  two  assign¬ 
ments  based  on  calculations  have  been  reported . 8 0 f 8 1  The 
current  status  of  the  interpretation  of  vnu(Ho0)  and 

vOD^D20^  is  Presented  next,  first  for  the  qualitative  approach 
and  then  for  the  quantitative  approach.  Finally  the  behavior 
of  the  frequencies  and  halfwidths  of  the  stretching  vibrations 
is  discussed. 

In  the  most  detailed  of  the  qualitative  studies,  Whal- 
ley84  correlated  features  in  the  spectra  of  disordered  ices 
to  the  features  in  the  spectra  of  corresponding  (and  sometimes 
hypothetical)  ordered  ices,  on  the  justification  that  he  ex¬ 
pected  unit-cell-group-allowed  vibrations  to  dominate  the 
spectra  of  even  the  disordered  ices,  with  the  disorder-allowed 
vibrations  broadening  the  peaks  and  contributing  to  a  broad, 
weak,  continuum  underlying  the  main  features.  The  identifica¬ 
tion  and  correlation  of  specific  features  in  the  spectra  were 
based  on  relative  intensities  in  the  infrared  and  Raman  spec¬ 
tra,  depolarization  ratios  of  the  Raman  bands,  and  isotope 
ratios.  The  principal  features  in  the  O-H  and  O-D  stretching 
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bands  of  ice  Ih  can  be  seen  in  Figure  1.9,  and  Whalley's 
assignments  are  listed  in  Table  1.7,  where  the  bands  are 
assumed  to  be  due  to  mixtures  of  vibrational  types,  and  the 
assignments  merely  indicate  the  principal  component  of  the 
band.  The  assignment  of  the  3083  cm-1  Raman  peak  to  the 
in-phase  vibration,  i.e.  to  the  crystal  vibration  in  which 
all  of  the  molecules  undergo  their  symmetric  stretching  motion 
in  phase,  is  consistent  with  the  long-accepted  assignment 
of  the  peak  to  a  component  of  83,97  but  the  assignment  of 
one  feature  to  the  longitudinal  optic  and  one  to  the  trans¬ 
verse  optic  vibrations  due  to  has  not  been  proposed  before. 
It  has  been  disputed81  and  defended,98  and  is  of  uncertain 
reliability.  The  discrepancy  between  the  frequencies  of 
corresponding  peaks  in  the  infrared  and  Raman  spectra  was 
explained  by  Wong  and  Whalley,99  who  argued  that  maxima  in 
the  infrared  intensity  occur  when  the  amplitudes  of  the 
molecular  displacements  are  strongly  correlated  with  the 
molecular  orientations,  whereas  maxima  in  the  Raman  intensity 
occur  where  the  molecules  vibrate  as  nearly  as  possible  in 
phase. 

The  only  attempt  to  assign  the  O-H  and  O-D  stretching 
bands  on  the  basis  of  calculation  has  resulted  from  a  clas¬ 
sical  mechanical  calculation  of  the  vibrational  frequencies 
and  intensities  of  a  disordered  model  of  ice  Ih,  carried  out 
by  McGraw,  Madden,  Bergren,  Rice  and  Sceats . 8 1  The  model 
consisted  of  a  64  molecule  proton-disordered  sample  satisfy¬ 
ing  cyclic  boundary  conditions,  having  no  net  dipole  moment, 
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h2o  d2o 


Raman  and  infrared  spectra  of  H20  and  D20  ice 
Ih  in  the  0-H  and  0-D  stretching  regions,  at 
100  K.  From  Reference  84. 


Figure  1.9 
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Table  1 . 7 

Features  of  the  0-H  and  0-D  stretching  bands  of  ice  Ih  a 


h20  d2o 


Raman 

infrared 

Raman 

infrared 

Whalley's  assignment 

3083 

3150 

2295 

2332 

in-phase 

3209 

3220 

2427 

2425 

V3  TO 

3323 

3380 

2485 

V3  L0 

3420 

2547 

out-of-phase 

a 


Reference  84. 
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and  including  tetrahedral  hydrogen-bonding  about  each  mole¬ 
cule.  Their  treatment,  which  they  called  the  'reduced  vibra¬ 
tional  model ' ,  included  only  the  stretching  displacements 
of  each  molecule,  and  the  force  field  included  intramolecular, 
nearest-neighbour  intermolecular ,  and  long-range  intermolec- 
ular,  coupling  between  oscillators.  The  0-H  and  0-D  stretch¬ 
ing  force  constants  were  known  from  studies  of  v^u(HDO)  and 
vod(HDO),  the  nearest-neighbour  intermolecular  coupling 

O-l 

constant  was  set  to  -0.15  mdyne  A  ,  which  they  argued  was 
within  the  experimental  error  of  the  observed  value,  -0.123 
mdyne  A  93  and  the  long-range  intermolecular  coupling 
constants  were  calculated  by  assuming  the  0-H  bonds  to  be 
point  dipoles,  so  that  the  potential  energy  (and  its  deriv¬ 
atives)  was  calculable  for  each  configuration  of  0-H 
oscillator  pairs  in  the  model.  The  only  parameter  left  to 
be  varied  was  the  intramolecular  coupling  force  constant, 
which  could  not  be  established  by  independent  data  at  that 
time.  The  density  of  states  for  the  128  vibrations  was  found 
through  the  Wilson  (or  GF)  formulation  of  the  molecular  normal 
mode  problem,56  and  the  infrared  and  Raman  spectra  were  ob¬ 
tained  from  bond  moment  and  bond  polarizability  calculations. 
There  was  good  agreement  between  the  observed  and  calculated 
Raman  spectra,  but  agreement  was  less  good  with  the  infrared 
spectra.  They  argued  that  this  resulted  from  approximations 
that  are  not  as  reliable  as  those  in  bond  polarizability 
calculations,81  so  that  the  poorer  agreement  with  the  infra¬ 
red  spectra  arose  principally  from  the  intensity,  and  not  the 
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frequency,  calculation.  The  results  suggest  that  the  calcu¬ 
lated  density  of  states  is  representative  of  that  of  the  true 
crystal,  and  that  the  character  of  vibrations  in  ice  Ih  can 
be  assigned  by  analogy  with  the  character  of  the  calculated 
vibrations .  The  calculated  eigenvectors  indicated  that  the 
lowest  frequency  band  is  due  to  the  in-phase  vibration, 
in  agreement  with  the  accepted  assignment,  but  with  varying 
amplitude  from  one  oscillator  to  another.  All  of  the  other 
vibrations  are  mixtures  of  symmetric,  v^,  and  antisymmetric, 
v3  r  molecular  vibrations,  and  therefore  cannot  be  simply 
assigned  to  either  or  v3 .  However,  the  vibrations  at  both 
ends  of  the  frequency  range  of  the  density  of  states  mainly 
involve  while  the  vibrations  in  the  middle  (near  3270  cm"] 

in  H^O)  mainly  involve  v^. 

The  breadth  of  the  O-H  and  O-D  bands  calculated  by  Rice 
et  al  resulted  mainly  from  intermolecular  coupling,  as  was 
long  believed  to  be  the  case,86  while  the  distribution  of 
frequencies  within  the  range  was  strongly  affected  by  the 
intramolecular  coupling  constant.  The  long-range  intermolec¬ 
ular  coupling  appeared  to  have  little  effect  on  the  spectra, 
except  possibly  to  add  to  their  diffuseness,  thus  implying 
that  longitudinal  optic-transverse  optic  splitting  had  little 
effect  on  the  spectrum,  in  contrast  to  Whalley's  suggestion.84 
A  weak,  broad  shoulder  about  100  cm  ^  to  low  frequency  of  the 
main  peak  in  the  Raman  spectrum,  which  increased  in  relative 
intensity  with  the  temperature,88  was  assigned  to  a  difference 
combination  transition  with  a  vT  vibration,  -  vT , 


8  1,88 
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but  all  of  the  other  features  in  the  infrared  and  Raman 
spectra  of  the  0-H  and  0-D  stretching  vibrations  were  assigned 
to  fundamental  transitions.81 

V0H^H2°)  and  V0D^D2°)  of  ^ce  ^  increase  with  tempera¬ 
ture  for  the  same  reason  that  v~u(HDO)  and  v^_(HDO)  do,  i.e. 

Un  (JU 

because  of  thermal  expansion.  The  increase  in  temperature 
is  also  accompanied  by  a  broadening  of  the  peaks  and  features 
in  the  spectra.  For  example,  the  halfwidth  of  the  main  Raman 
peak  is  19  cm  ^  (13  cm  ^  for  D^O)  at  10  K,  8  8  44  cm”'1"  (26 
cm  ■*■)  at  130  K,88  and  154  cm  ^  (72  cm  at  269  K.9  0  The 
increase  between  10  and  150  K  was  attributed  to  scattering 
of  the  symmetric  O-H  stretching  vibration  by  optical  phonons 
of  effective  frequency  v  -  200  cm  ^  to  combination  states  of 
frequency  +  v.88  Above  150  K  some  additional  mechanism 

seems  to  contribute  to  the  breadth.90 

Thus,  the  origin  and  behavior  of  the  features  in  the 
infrared  and  Raman  spectra  of  the  O-H  and  O-D  stretching 
vibrations  of  ice  Ih. appear  to  be  reasonably  well  understood. 
The  interpretation  of  the  spectra  of  ice  Ic  is  likely  to  be 
similar  since  the  spectra  of  ice  Ic  are  identical  to  those 
of  ice  Ih  in  all  but  the  absorption  by  the  translational 
vibrations.100  Indeed,  the  similarity  between  the  spectra 
of  ices  Ih  and  Ic  has  often  been  an  important  feature  in 
qualitative  interpretations  of  the  spectra  of  ice  Ih  (e.g. 

Ref.  84) . 

None  of  the  high  pressure  ices  has  been  studied  as 
extensively  as  ice  Ih.  As  a  result,  their  spectra  are  only 
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qualitatively  interpreted,  with  the  exceptions  of  ice  II  and 
ice  IX  for  which  normal  coordinate  and  intensity  calculations 
have  been  used  to  interpret  the  infrared  spectra  of  the  0-D 
stretching  vibrations,1/2  and  the  simplest  phase,  ice  VIII, 
whose  Raman  spectrum  has  been  assigned  largely  on  symmetry 
considerations.1  01 

The  infrared  spectra  of  the  uncoupled  v^„(HDO)  and 
V0D^HD°)  vibrations  in  ice  II,  ice  IX  and  ice  V,  which  are 
shown  in  Figure  1.8  (p.  45),  are  typical  of  the  high  pressure 
ices.  The  peaks  occur  50  cm  1  or  more  to  high  frequency  of 
the  ice  Ih  peak,41  which  indicates  slightly  weaker  hydrogen 
bonding  in  the  high  pressure  ices  in  agreement  with  the 
diffraction  result  of  greater  nearest-neighbour  0***0  dis¬ 
tances  in  the  high  pressure  ices.  The  uncoupled  vibrations 
have  not  been  observed  for  the  ordered  ice  VIII,  but  for  the 
other  ordered  ices,  II  and  IX,  four  and  three  peaks  respec¬ 
tively,  with  halfwidths  of  ~5  cm-1,  were  observed  in  the 
infrared  spectra.41  The  multiple  peaks  reflect  site  splitting 
or  multiple  site  splitting  only,  i.e.  they  reflect  the  number 
of  non-equivalent  hydrogen  bonds  in  the  structure.  They  are 
assigned  to  the  0-H***0  bonds  of  different  lengths  so  that 
the  frequency  increases  as  the  length  increases.1/2'34'41 
The  peaks  in  the  spectra  of  ice  V  have  halfwidths  of  ~150  cm"'*' 
for  vqh(HDO)  and  ~80  cm  1  for  vQD(HDO),41  so  are  even  broader 
than  those  in  the  spectra  of  ice  Ih,  probably  reflecting 
both  the  multiple  site  splitting  and  the  broadening  due  to 
slight  variations  in  the  0***0  distances  as  a  result  of 
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disorder . 

The  Raman  spectra  of  the  coupled  o-H  and  0-D  stretching 
vibrations  of  ices  Ih,  II,  IX,  V,  VI  and  VIII  are  shown  in 
Figure  1.10.  Each  Raman  spectrum  is  dominated  by  a  strong, 
low-frequency  peak  near  3150  cm  ^  (2350  cm  ^  in  the  D2O  ices) 
and  contains  one  or  more  higher-f requency  features  of  lower 
intensity.  In  all  of  the  ices  the  low-frequency  Raman  peak 
has  an  isotope  ratio  vqh  ^H2°^ //vOD  ^D2°^  of  1,35  to  l*37/  is 
intense  in  the  Raman  spectrum,  and  occurs  in  a  region  of 
low  absorption  in  the  infrared  spectrum.97'1  02  Thus,  the 
low-frequency  Raman  peak  has  similar  properties  to  that  of 
in  gaseous  water,  and  therefore  is  generally  assigned 
to  the  in-phase  vibration  of  the  ice.  The  higher-frequency 
0-H  or  O-D  stretching  bands  in  the  Raman  spectra  of  the  high- 
pressure  ices  have  been  interpreted  in  detail  only  for  ice 
VIII.  In  this  case  the  symmetric,  v^,  and  antisymmetric,  v^, 
vibrations  of  a  water  molecule  are  completely  uncoupled,  by 
symmetry,  and  the  3477  cm  ^  and  3448  cm  1  peaks  of  ice 

VIII  were  assigned  to  and  respectively,  on  the  basis 
of  isotope  ratios  of  1.365  and  1.342  respectively.101  The 
isotope  ratio  of  higher-frequency  features  in  the  other  high- 
pressure  ices  is  typically  ~1.33,97'102  suggesting  that  they 
are  due  to  mainly  vibrations ,  but  symmetry  does  not  restrict 
mixing  of  and  vibrations  in  these  ices. 

There  have  been  only  two  previous  reports  of  the  Raman 
spectra  of  ice  II  and  ice  IX  (or  quenched  ice  III)  .  Taylor 
and  Whalley97  reported  the  mercury-arc-excited  Raman  spectra 
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Figure  1.10  Raman  spectra  in  the  0-H  and  0-D  stretching 

regions  of  ices  VIII  and  Ih84;  ices  II,  IX  and 
V97?  and  ice  VI,1..02  from  top  to  bottom.  At 
100  K.  The  Raman  peaks  of  ices  II,  IX,  V  and 
VI  are  indicated  by  arrows. 
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of  the  O-H  and  0-D  stretching  vibrations  of  ice  II  and  ice  IX 
quenched  to  77  K  and  atmospheric  pressure,  and  the  spectra 
are  reproduced  in  Figure  1.10.  Peaks  were  observed  at  3194 
(2353)  cm  ^  and  3314  (2489)  cm  ^  in  the  spectrum  of  H^O  (D2O) 
ice  II,  and  at  3159  (2327)  cm-1  and  3281  (2457)  cm-1  in  the 
spectrum  of  1^0  (D20)  ice  IX  (reported  as  ice  III  before  the 
phase  was  identified  as  ice  IX).  The  peaks  were  assigned97 
as  above.  Kennedy  et  al1  03  reported  laser-excited  survey 
Raman  spectra  of  the  D20  ices  II  and  III  at  temperatures  and 
pressures  within  their  regions  of  stability.  The  frequencies 
were  not  listed,  but  two  peaks  were  observed  in  each  spectrum 
at  frequencies  normally  assigned  to  0-D  stretching  vibrations. 
The  peaks  were  of  equal  intensity  in  the  spectrum  of  D20  ice 
II,  but  the  low-frequency  peak  was  stronger  in  the  spectrum 
of  D2O  ice  III.  The  spectra  were  not  interpreted. 

The  infrared  spectra  of  the  0-H  or  0-D  stretching  vibra¬ 
tions  of  ices  Ih,  II,  IV,  V,  VI  and  IX  are  shown  in  Figure 
1.11.  The  infrared  spectrum  of  each  ice  phase  contains  a 
strong,  broad  band  centered  near  3250  cm  ^  in  the  H20  ices 
and  near  2400  cm  1  in  the  D20  ices.  In  general,  the  spectra 
of  the  ordered  ices  show  more  structure  than  those  of  the 
disordered  ices,  and  the  spectrum  of  a  D^O  ice  is  better 
resolved  than  that  of  the  corresponding  H^O  ice.  Thus, 
between  2340  and  2550  cm  \  six  bands  were  observed  in  the 
infrared  spectrum  of  D2O  ice  II  and  five  bands  in  the  infra¬ 
red  spectrum  of  D20  ice  IX1'2'41  and  similar  structure  was 
observed  in  the  infrared  spectra  of  H20  ice  II  and  ice  IX, 
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Figure  1.11  Infrared  spectra  in  the  0-H  and  0-D  stretching 

regions  of  H20  and  D20  ices  Ih,  II,  IX,  IV,  V 
and  VI.  From  References  2,  27,  41,  43  and  84. 

At  100  K  unless  noted.  Absorbance,  unless  noted. 
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although  the  bands  were  not  as  well  resolved.41  Only  two, 
broad  features  were  observed  in  the  spectra  of  ices  IV,  V  and 
VI  between  3100  and  3500  cm  ^  in  the  H20  ices  and  between 
2300  and  2600  cm  1  in  the  D20  ices.2  7  •  4  1  • 4  3 

The  infrared  spectra  of  the  O-H  and  O-D  stretching 
vibrations  of  the  disordered  high-pressure  ices  have  not  been 
interpreted,  the  only  qualitative  assignment  being  for  H^O 
ice  IV,  which  Engelhardt  and  Whalley  suggested27  was  dominated 
by  v ^  with  important  contributions  from  v^,  particularly  in 
the  wings  of  the  band,  following  Whalley' s  assignment84  of  the 
infrared  spectra  of  the  O-H  stretching  vibrations  of  ice  Ih. 

In  contrast  to  the  necessarily  inconclusive  assignment 
of  the  spectra  of  the  high-pressure  disordered  ices,  the  O-H 
and  O-D  stretching  bands  in  the  infrared  spectra  of  the 
ordered  ices  should  be  due  to  the  vibrations  of  one  unit  cell, 
and  therefore  are  much  more  suitable  for  calculations.  For 
example,  Bertie  and  Bates1'2  interpreted  in  detail  the  infra¬ 
red  spectra  of  the  O-D  stretching  vibrations  of  D20  ice  II 
and  D20  ice  IX  through  calculation  of  the  zero-wavevector 
normal  coordinates  and  frequencies  and  the  relative  intensi¬ 
ties  of  the  O-D  stretching  vibrations.  Their  calculation 
model  included  only  O-D  stretching  displacements,  and  the 
force  field  included  intramolecular  and  nearest-neighbour 
intermolecular  interactions.  The  intramolecular  coupling 
constants  were  determined  from  the  FS  correlation.104'  105  The 
nearest-neighbour  intermolecular  coupling  constants  were 
calculated  by  the  method  that  Rice  et  al81  later  used  to  cal- 
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culate  the  long-range  intermolecular  interaction  constants 

of  ice  Ih,  as  described  earlier,  but  Bertie  and  Bates  scaled 

the  calculated  coupling  constants  by  the  factor  necessary  to 

correct  the  value  calculated  for  the  nearest-neighbour 

0-D#**0-D  interaction  in  ice  Ih  to  the  observed93  value, 

°-l 

-0.123  mdyne  A  .  The  infrared  intensity  patterns  for  ice  II 
and  ice  IX  that  were  determined  through  bond  moment  calcula¬ 
tions  agreed  well  with  experiment  if  the  diffuse  breadth  of 
the  observed  bands  was  ignored.  The  eigenvectors  indicated 
that  almost  all  of  the  O-D  stretching  vibrations  that  absorbed 
appreciably  were  mixtures  of  symmetric  and  antisymmetric 
stretching  vibrations,  and  so  only  one  feature  could  be 
assigned  simply  to  v1  or  v3:  the  very  strong  peak  at  2462  cm”1 
in  the  spectrum  of  ice  IX  at  10  K,  which  was  assigned  to  the 
strongly  absorbing  \>3  vibration  calculated  at  2464  cm”1.  The 
infrared  spectrum  of  ice  VIII,  the  only  other  ordered  ice, 
has  never  been  reported,  but  should  contain  only  two  peaks, 
one  due  to  a  vibration  of  A3u  symmetry  and  the  other  due 
to  a  v3  vibration  of  Eu  symmetry.84  Hence  the  infrared 
spectra  of  the  O-H  and  O-D  stretching  vibrations  of  ice  VIII 
should  be  particularly  easy  to  interpret. 

The  bending,  or  v3>  vibrations  of  the  ices  are  consid¬ 
ered  next.  Features  near  1650  cm  1  (1200  cm  1)  in  the  infra¬ 
red  and  Raman  spectra  of  the  H30  (D30)  ices  have  been  attrib¬ 
uted  to  the  H-O-H  (D-O-D)  bending  vibrations,  by  analogy  with 
the  spectra  of  water  vapor  (Table  1.5),  and  from  the  ratio 
of  the  frequencies  of  the  H30  and  D^O  ices,  which  is  1.362 


for  an  uncoupled  water  molecule  with  an  H-O-H  angle  of  104.5 
The  infrared  and  Raman  spectra  of  the  v2  vibrations  of  H.,0 
ice  Ih,  shown  in  Figure  1.7  (p.  44),  are  typical  of  those 
of  both  ordered  and  disordered  ices,  in  that  the  bands  are 
weak,  broad  and  generally  featureless.  The  region  of  the 
spectrum  is  further  complicated  by  a  probable  overlap  of  the 
bands  due  to  v2  vibrations  with  overtone  and  combination 
bands  of  the  lattice  vibrations,  particularly  2v  .  As  a 
result,  there  have  been  no  detailed  interpretations  of  this 
region  for  any  of  the  ices . 

The  spectra  of  the  rotational  lattice  vibrations  are 
observed  between  450  and  1000  cm-1  for  the  H.,0  ices  and 
between  350  and  725  cm"1  for  the  D20  ices.  The  observed 

ratios  of  the  peak  frequencies  of  H20  and  D20  are  in  the 
range  1.34  to  1 . 4 1 , ^ “  3 , 9  0 , 9 9 ,  101  in  good  agreement  with 

the  isotope  ratios  calculated  for  the  three  rotational  vibra¬ 
tions  of  an  uncoupled  water  molecule,  which  are  the  inverse 
ratios  of  the  square  roots  of  the  appropriate  moments  of 
inertia.  The  good  agreement  suggests  that  the  peaks  are  due 
to  vibrations  that  are  almost  purely  rotational  in  character, 
with  little  or  no  translational  character. 


The  spectra  of  the  rotational  lattice  vibrations  of 
H20  ice  Ih  are  shown  in  Figure  1.7  (p.  44).  The  infrared 
spectrum  is  a  broad  band  with  poorly  resolved  shoulders  and 
a  halfwidth  of  175  cm  ,  and  the  Raman  spectrum  is  similar. 
These  characteristics  are  typical  of  the  spectra  of  the 
rotational  vibrations  of  the  disordered  ices.  The  spectra 
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of  the  rotational  vibrations  of  the  ordered  ices,  however, 
show  considerable  structure,  with  peaks  as  sharp  as  5  cm”'*' 
in  halfwidth  in  the  Raman  spectrum  of  ice  VIII  and  as  sharp 
as  10  cm  ■*■  in  halfwidth  in  the  infrared  spectra  of  D2O  ice 
II  and  ice  IX.1'2'41  The  frequencies  of  the  peaks  due  to 
the  rotational  vibrations  of  D^O  ice  II  and  ice  IX  decrease 
by  4  to  8  cm  1  as  the  temperature  increases  from  10  to  100  K. 
The  peaks  also  broaden  slightly  with  increasing  temperature, 
resulting  in  poorer  resolution  at  higher  temperatures.1'2 

Because  of  the  complexity  of  the  spectra  and  of  the 
structures,  the  spectra  of  the  rotational  vibrations  have  not 
been  interpreted  in  detail  for  any  ice.  In  fact,  apart  from 
Bertie  and  Whalley's  assignment  of  the  sharp  features  in  the 
spectra  of  ices  II  and  IX  to  zero-wavevector  fundamentals41 
the  only  assignment  of  the  rotational  vibrations  that  exists 
is  for  the  simplest  phase,  ice  VIII.  There  are  only  three 
Raman-active  rotational  vibrations  of  ice  VIII,  101  of  symmetry 

B2g  +  2Eg  under  D4h'  and  Won9  and  Whalley  101  have  assigned 
the  548.4  cm  ^  (398.9  cm  peak  in  the  Raman  spectrum  to 
the  B2g  vibration  on  the  basis  of  the  isotope  ratio.  Two 
other  sharp  peaks  appear  in  the  Raman  spectrum  of  the  rota¬ 
tional  vibrations  of  ice  VIII  and  were  assigned  to  the  two 
Eg  rotational  vibrations.  101 

The  translational  vibrations  of  the  ices  give  rise  to 
the  features  between  10  and  325  cm  ^  in  the  far-infrared  and 
low-frequency  Raman  spectra  of  the  ices.  The  translational 
vibrations  result  from  the  oscillations  of  the  molecular 
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centers  of  mass  about  their  equilibrium  positions  in  the 
lattice .  The  frequency  is  therefore  inversely  proportional 
to  the  square  root  of  the  molecular  mass,  and  the  ratio  of 
the  peak  frequencies  of  H20  and  D2<3  is  calculated  to  be  1.054 
for  the  hypothetical  harmonic  vibrations.  The  observed 
isotope  ratios  are  1.02  to  1 . 05 , 4  2  • 4 3 ' 6 3 '  101  indicating  that 
the  vibrations  are  almost  purely  translational  in  character. 
The  departure  from  the  ratio  of  the  harmonic  vibrations  has 
been  attributed  in  part  to  different  effective  intermolecular 
potential  constants  of  H2<0  and  D20.42 

The  far-infrared  spectra  of  the  translational  vibrations 
of  ices  Ih,  Ic,  V,  VI,  II  and  IX  and  the  Raman  spectra  of  the 
translational  vibrations  of  ices  Ih  and  VIII  are  shown  in 
Figure  1.12.  The  appearance  of  sharp  features  in  this  region, 
which  can  be  seen  in  the  spectra  of  ices  II,  IX  and  VIII,  is 
clearly  characteristic  of  the  ordered  phases,  while  the 
spectra  of  the  disordered  ices  are  typically  broad.  It 
should  be  mentioned  here  that  the  only  known  difference 
between  the  vibrational  spectra  of  ice  Ih  and  ice  Ic  occurs 
in  the  far-infrared  spectra  of  the  translational  vibrations, 
where  a  doublet  near  160  cm  ^  in  the  spectrum  of  ice  Ih  at 
4.3  K  corresponds  to  a  singlet  at  160  cm  ^  in  the  spectrum 
of  ice  Ic  100  (Figure  1.12) . 

The  far-infrared  and  Raman  spectra  of  the  translational 
vibrations  of  ice  Ih  are  quite  similar.  Corresponding  fea- 
tures  in  the  two  spectra  have  almost  the  same  frequencies  • 

10 °r  108  although  the  relative  intensities  differ  considerably 


Infrared  and  Raman  spectra  of  the  translational 
vibrations  of  P^O  ices  Ih,  Ic,  V,  VI,  II,  IX 
and  VIII.  From  References  42,  43,  100,  101  and 
106.  At  100  K. 


Figure  1.12 
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(Figure  1.12)  particularly  above  240  cm-1.  According  to 
Klug,  Wong  and  Whalley,76'  108  the  frequency  of  the  strongest 
peak  due  to  the  translational  vibrations  is  the  same  in  the 
infrared  and  Raman  spectra  within  experimental  error. 

However,  Bertie  and  Jacobs  100  suggested  that  the  frequency 
of  the  strongest  peak  in  the  far-infrared  spectrum  is  closer 
to  that  of  the  shoulder  at  229  cm  ^  in  the  Raman  spectrum  and 
therefore  that  the  origin  of  these  two  features  is  the  same. 

The  theory  of  the  translational  vibrations  of  orienta- 
tionally  disordered  crystals  that  is  described  in  Section 
1.4  is  particularly  suitable  for  interpretations  of  the 
spectra  of  the  disordered  ices,  since  the  isotope  ratios 
indicate  that  the  translational  vibrations  are  totally 
uncoupled  from  the  rotational  vibrations.  In  fact,  it  was 
in  the  first  application  of  this  theory  that  Bertie  and 
Whalley6  3  interpreted  the  far-infrared  spectra  of  ice  Ic  and 
ice  Ih.  The  zero-wavevector  vibrations  of  each  crystal  are 
inactive  in  the  infrared  but  some  are  active  in  the  Raman, 
under  the  diffraction  symmetry.  Therefore  the  far-infrared 
absorption  by  ice  Ic  or  ice  Ih  is  solely  the  disorder-allowed 
absorption,  but  the  low-frequency  Raman  scattering  by  ice  Ic 
or  ice  Ih  combines  both  the  disorder-allowed  and  the  order- 
allowed  scattering. 

Bertie  and  Whalley6  3  identified  the  maxima,  minima  and 
inflection  points  in  the  far-infrared  spectra  of  ice  Ic,  and 
assigned  the  frequencies  of  maxima  and  inflection  points  to 
critical  points  in  the  Brillouin  zone.  The  frequencies  were 
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fitted  to  a  simple  harmonic  potential  function  which  included 
only  force  constants  for  nearest-neighbour  0***0  bond-stretch¬ 
ing  and  0---0-..0  angle-bending ,  from  which  the  frequencies 
of  the  critical  points  were  calculated  through  relations 
available  for  the  diamond  structure.  The  calculated  and 
experimental  frequencies  agreed  well  below  240  cm"1,  but 
there  was  no  explanation  for  the  fundamental  vibrational 
states  between  240  and  325  cm-1. 

The  far-infrared  spectrum  of  ice  Ih  was  analyzed  in  a 
similar  way . 6  3  The  relations  between  the  frequencies  of 
critical  points  and  the  force  constants  were  not  then  known 
for  the  wurtzite  structure  except  at  the  zone  center,  but  an 
exact  correspondence  exists  between  the  zone  center  frequen¬ 
cies  of  wurzite  and  the  frequencies  at  the  zone  center  and 
the  zone  boundary  of  diamond.  Therefore,  the  peaks  in  the 
ice  Ih  spectrum  were  assigned  to  critical  points  at  the  zone 
center  for  ice  Ih,  and  the  frequencies  were  calculated  using 
the  same  potential  energy  function  as  for  ice  Ic.  Again  the 
agreement  below  240  cm  1  was  good,  but  the  interpretation 
failed  to  explain  the  existence  of  translational  vibrations 
above  240  cm  1. 

The  features  below  240  cm  1  in  the  Raman  spectrum  of 
ice  Ih  are  also  well  explained  by  this  theory.  Under  the 
D6h  di  f fraction  symmetry,  three  zero-wavevector  vibrations, 

°f  Alg'  EIg  and  E2g  symmetry,  are  Raman  active  and  therefore 
give  rise  to  an  order-allowed  spectrum.  Wong  and  Whalley76 
argued  that  the  strong  Raman  peak  at  227.7  cm"1  must  result 
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from  some  of  these  vibrations,  since  the  order-allowed  Raman 
spectrum  is  expected  to  be  considerably  more  prominent  than 
the  disorder-allowed  Raman  spectrum  (Section  1.4).  The 
scattering  below  200  cm  1  is  very  weak  and  likely  due  to 
disorder-allowed  vibrations.  Accordingly,  the  features  below 
-100  cm-'*'  76  and  the  shoulder  at  229  cm  \  the  frequency  of 
the  strongest  peak  in  the  infrared  spectrum,  100  were  assigned 

to  critical  points  in  the  Brillouin  zone.  Just  as  for  the 
infrared  spectrum,  however,  the  Raman  scattering  above  240 
cm  "*■  was  not  explained  by  the  dispersion  curves. 

There  have  been  two  basic  approaches  to  the  interpre¬ 
tation  of  the  absorption  and  scattering  of  ice  Ih  between 
240  and  325  cm  ^ .  One  approach  has  been  to  vary  the  force 
constants  and  to  include  additional  ones  to  increase  the 
frequencies  at  the  Brillouin  zone  center  and  Brillouin  zone 
boundary.64'65'68'71'75  This  usually  resulted  in  an  improved 
fit  to  the  features  above  240  cm  ^  but  required  potential 
functions  that  were  unrealistic  when  applied  to  other  phys¬ 
ical  measurements  such  as  the  compressibility.  106  In  the 
other  approach,  the  vibrations  above  240  cm  ^  have  been 
attributed 7 6 ' 1 06“'10 6  to  long-range,  generally  electrostatic , 
forces,  as  had  been  originally  suggested  by  Bertie  and 
Whalley.6 3  To  implement  this,  Faure  et  al  have  used  one 
model  that  includes  ordering  of  the  hydrogen  bonds  along  the 
c-axis  107  and  another  model  that  places  equal  but  opposite 
charges  on  neighbouring  molecules,108  but  there  is  no  support- 
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ing  evidence  for  either  model.  Wong  and  Whalley  noted  that 
"the  scattering  intensity  above  ~240  cm-1  is  relatively 
strong,  (which)  suggests,  but  certainly  does  not  prove,  that 
it  is  connected  in  some  way  with  the  order-allowed  A,  ,  E, 

ig  ig 

and  E2g  vibrations."  76  They  argued  that  the  coupling 
constants  between  neighbouring  0***0  bonds  due  to  transition 
moment  interaction  can  account  for  order-allowed  vibrations 
both  at  310  cm  and  at  220  cm  and  they  suggested  that 
longitudinal  optic-transverse  optic  splitting  is  not  possible 
in  disordered  solids.  Klug  and  Whalley  106  suggested  that  the 
model  used  by  Wong  and  Whalley76  may  be  too  crude,  withdrew 
the  suggestion  that  longitudinal  optic-transverse  optic  split¬ 
ting  is  not  possible  in  disordered  solids,  and  argued  that 
the  Raman  scattering  at  310  and  275  cm  ^  and  the  infrared 
absorption  above  240  cm  ^  are  due  to  longitudinal  optic 
vibrations  corresponding  to  transverse  optic  vibrations 
comprising  the  strong  Raman  peak  at  229  cm-1. 

There  is  considerable  discussion98'106  about  the  signif¬ 
icance  of  the  terms  longitudinal  optic  and  transverse  optic 
modes  for  disordered  crystals.  In  ordered  crystals  the 
longitudinal  optic-transverse  optic  splitting  arises  from 
the  long-range  interactions  of  transition  dipoles,  which  are 
spatially  periodic.57'59  In  disordered  crystals  the  same 
interactions  exist,  but  the  transition  dipoles  can  not  be 
periodic  because  of  the  disorder  and  the  effect  on  the  fre¬ 
quencies  of  such  interactions  is  unclear.  On  the  other  hand, 
from  a  phenomenological  definition  109 


longitudinal  optic  and 
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transverse  optic  modes  necessarily  exist  for  any  strongly 
absorbing  vibration  in  any  condensed  phase.  Further,  calcu¬ 
lations  for  liquid  systems  have  indicated  that  intramolecular 
vibrations  in  liquids  can  sometimes  yield  vibration  frequen¬ 
cies  ranging  from  near  to  the  gas  phase  frequency  to  several 
tens  of  wavenumbers  above  it,  due  to  long-range  transition 
dipole-transition  dipole  interactions,  110  thus  being  similar 
to  the  effect  that  Klug  and  Whalley  called  longitudinal  optic- 
transverse  optic  splitting  in  ice  I. 

There  have  been  no  attempts  to  interpret  the  spectra 
of  the  translational  vibrations  of  disordered  ices  other 
than  ices  Ih  and  Ic,  but  treatments  similar  to  those  used 
for  the  spectra  of  ices  Ih  and  Ic  would  apply  to  them.  The 
treatment  of  ices  Ih  and  Ic  also  suggests  that  the  initial 
attempts  to  explain  the  spectra  of  the  translational  vibra¬ 
tions  of  the  ordered  ices  by  calculation  should  use  potential 
fields  that  consider  nearest-neighbour  0*««0  stretching  and 
0* • • 0 • • *0  angle  bending  coordinates,  but  that  long-range 
electrostatic  forces  may  cause  longitudinal  optic-transverse 
optic  splitting  which  would  manifest  itself  by  yielding  two 
Raman  bands  for  vibrations  that  also  absorb  strongly.  Long¬ 
itudinal  optic-transverse  optic  splitting  may  be  seen  in  the 
Raman  spectrum  of  ice  IX,  since  the  E  vibrations  are  both 
infrared  and  Raman  active,  but  this  cannot  be  seen  in  the 
Raman  spectra  of  ices  II  and  VIII  since  they  are  centrosym- 
metric  and  Raman-active  vibrations  are  inactive  in  the 


infrared . 
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The  spectra  of  the  translational  vibrations  of  the 

ordered  ices  have  not  been  interpreted  in  detail  except  for 

the  Raman  spectra  of  ice  VIII.  Wong  and  Whalley  101  observed 

four  peaks  below  300  cm  ^  in  the  Raman  spectrum  of  H20  ice 

VIII,  at  258.2,  214.3,  172.0  and  169.2  cm  ^ .  These  were 

tentatively  assigned  to  an  overtone,  superimposed  Blg  and 

fundamentals,  an  A,  fundamental,  and  to  the  second  E  fun- 

J-9  g 

damental,  respectively,  on  the  basis  of  isotope  shifts  and 
relative  intensities.  The  far-infrared  spectra  of  ices  II 
and  IX  are  sharp  and  show  considerable  structure,  with  nine 
features  observed  in  the  spectrum  of  ice  II  and  eight  in  the 
spectrum  of  ice  IX.42  The  Raman  spectra  of  the  translational 
vibrations  of  ices  II  and  IX  are  relatively  poorly  character¬ 
ized.  Taylor  and  Whalley97  observed  two  peaks  below  300  cm-1 
in  the  Raman  spectrum  of  H20  (D20)  ice  II  at  77  K,  at  151 
(146)  cm  1  and  261  cm  1  and  a  peak  at  166  cm-1  in  the  Raman 
spectrum  of  D20  ice  IX  at  77  K.  Several  sharp  features  can 
be  seen  below  500  cm  1  in  the  Raman  spectrum  of  D20  ice  II 
reported  by  Kennedy  et  al,103  but  the  frequencies  were  not 
listed . 

1.6  Objectives  of  this  Work 

The  ordered  ices  provide  the  opportunity  to  study  the 
vibrational  spectra  of  hydrogen-bonded  crystals  of  the  very 
simple  water  molecule,  without  the  complications  due  to  the 
orientational  disorder  in  normal  ice.  The  infrared  spectra 
of  ice  II  and  ice  IX  have  been  well  determined1'2'42 


and 
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Bertie  and  Bates1'2  have  interpreted  in  detail  the  infrared 
spectra  of  deuterated  ice  II  and  ice  IX  in  the  0-D  stretch¬ 
ing  region.  The  Raman  spectra  of  ice  II  and  ice  IX  are 
comparatively  poorly  known  and  are  interpreted  only  qualita¬ 
tively  . 9  7 

The  first  objective  of  the  present  work  was  to  examine 
in  detail  the  laser-excited  Raman  spectra  of  quenched  samples 
of  normal  and  deuterated  ice  II  and  ice  IX.  Improved  exper¬ 
imental  procedures  and  spectroscopic  equipment  were  expected 

to  result  in  spectra  that  are  vastly  better  than  the  arc- 
excited  spectra  of  Taylor  and  Whalley.97  The  methods  and 
apparatus  are  described  in  Chapter  Two,  and  the  experimental 
results,  which  fulfilled  the  expectations,  are  presented  in 
Chapter  Three. 

The  second  objective  was  to  determine  whether  the 
model  used  by  Bertie  and  Bates1'2  to  explain  the  infrared 
spectra  of  the  0-D  stretching  vibrations  of  ice  II  and  ice 
IX  also  explains  the  Raman  spectra.  This  is  discussed  in 
Chapter  Four. 

Whalley  has  explained  the  spectra  of  the  0-H  and  0-D 
stretching  vibrations  of  ice  Ih  through  longitudinal  optic- 
transverse  optic  splitting  of  the  antisymmetric  stretching 
vibrations,84'98  but  this  interpretation  has  been  disputed.81 
It  should  be  easier  to  positively  identify  the  influence 
of  longitudinal  optic  vibrations  in  the  Raman  spectra  of  the 
ordered  ice  II  and  ice  IX.  Thus  the  third  objective  of  this 
work  was  to  determine  the  influence  of  the  longitudinal  optic 
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vibrations  on  the  Raman  spectrum  of  ices  II  and  IX  and,  thus, 
their  likely  influence  on  that  of  ice  I. 

The  final  objective  was  to  try  to  interpret  the  spectra 
of  the  rotational  and  translational  vibrations  of  ice  II  and 
ice  IX.  A  successful  interpretation  of  the  spectra  of  the 
lattice  vibrations  of  the  ordered  phases  should  also  provide 
valuable  clues  to  the  interpretation  of  the  spectra  of  ice 

Ih  and  the  other  disordered  phases.  This  work  is  described 
in  Chapter  Five. 


CHAPTER  TWO 


EXPERIMENTAL  TECHNIQUES 

2.1  Introduction 

The  major  experimental  goals  in  this  work  were  the 
measurement  of  the  Raman  spectra  of  normal  and  deuterated 
ice  II  and  ice  IX  and  of  the  temperature  dependence  of  the 
frequencies  of  the  spectral  features.  The  experimental 
procedures  and  apparatus  used  are  presented  in  this  chapter. 

2.2  Preparation  of  Ice  II  and  Ice  IX 

Samples  of  ice  II  and  ice  IX  were  prepared  by  methods 
described  elsewhere,11  using  apparatus  developed  for  previous 
studies,1^2  with  small  modifications.  Briefly,  ice  Ih  was 
cooled  to  an  appropriate  temperature  (about  200  K  to  prepare 
ice  II  and  about  245  K  for  ice  IX)  and  pressurized  to  3  kbar 
to  transform  the  sample  to  ice  II  or  ice  III.  The  transformed 
sample  was  quenched  to  77  K  and  the  pressure  was  released. 

Ice  III  transformed  to  ice  IX  in  cooling,22  and  the  product 
was  ice  II  or  ice  IX  metastable  at  atmospheric  pressure  and 
77  K. 

Since  the  probability  of  nucleation  and  the  rate  of 
transformation  increase  with  temperature,  ice  samples  for 
Raman  studies  were  prepared  at  as  low  a  temperature  as 
possible.  This  enabled  the  sample  to  transform  slowly  about 
a  small  number  of  nucleating  centers,4  which  generally 
resulted  in  a  better  optical  sample.  As  seen  in  the  phase 
diagram  (Figure  1.1),  ice  II  can  be  formed  between  180  and 
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241  K  without  uncertainty ,  and  a  good,  semi-transparent 
sample  was  prepared  by  pressurizing  ice  Ih  at  200  K.  Ice 
III  can  be  formed  between  241  and  253  K.  The  recovered  ice 
IX  samples  from  preparations  at  245  K  were  white  and  easily 
crumbled,  and  there  was  no  noticeable  optical  improvement 
in  the  ice  IX  samples  successfully  prepared  closer  to  241  K. 
The  attempts  closer  to  241  K  often  resulted  in  ice  II 
instead  of  ice  IX,  because  of  the  temperature  uncertainty. 
Bridgman  reported  the  preparation  of  clear  ice  IX,16 
apparently  by  taking  advantage  of  the  extension 
of  the  Ih-III  equilibrium  line  into  the  region  of  stability 
of  ice  II  to  as  low  as  210  K.  This  is  possible  as  long  as 
ice  III  is  present  before  entering  the  region  and  ice  II  has 
not  been  present  in  the  sample  recently.16 

The  apparatus  used  to  prepare  the  samples  is  shown  in 
cross-section  in  Figure  2.1.  The  pressure  vessel  was  a 
19  mm  i.d.  cylinder,  C,  with  matching  pistons,  A  and  B,  and 
brass  back-up  rings,  D.  The  cylinder,  the  pistons,  the 
spacer,  H,  and  the  retaining  block,  E,  were  made  of  Vascomax 
350  18%  nickel  maraging  steel,  heat-treated  to  a  hardness  of 
54  Rockwell  C.  The  pressure-distributing  plates,  F  and  J, 
were  soft  steel,  while  the  thermostat  can,  G,  and  its  lid 
were  stainless  steel. 

The  first  samples  were  prepared  as  described  previous¬ 
ly-  1,2,11  The  retaining  block,  which  held  the  cylinder,  the 
bottom  piston  and  its  back-up  ring,  rested  on  a  pressure- 
distributing  plate  in  the  thermostat  can.  Liquid  nitrogen 
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Figure  2.1  Pressure  apparatus:  A,  top  piston;  B,  bottom 

piston;  C,  cylinder;  D,  back-up  rings;  E , 
retaining  block;  F,  pressure-distributing 
plate;  G,  thermostat  can;  H,  spacer;  J,  pressure 
distributing  plate;  K,  gas  entrance  port;  L, 
gas  exit  port. 
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was  poured  into  the  thermostat  can  to  cool  the  cylinder  and 
piston.  One  ml  of  water  was  syringed  into  the  pressure 
vessel  and  froze  almost  immediately  on  contact  without  leak¬ 
ing  past  the  bottom  piston.  The  top  piston  with  its  back-up 
ring  in  place  was  inserted  to  complete  the  pressure  vessel. 

A  copper-constantan  thermocouple  was  inserted  into  the  hole 
running  along  the  axis  of  the  top  piston  to  within  one  milli¬ 
meter  of  the  piston  face  in  contact  with  the  ice  sample. 

The  lid  was  positioned  on  the  thermostat  can,  and  the  spacer 
was  placed  on  the  top  piston  through  the  hole  in  the  lid.  A 
pressure-distributing  plate  was  placed  on  the  spacer.  The 
pressure  apparatus  was  centered,  on  a  fibreglass  plate,  on 
the  bottom  platen  of  the  press,  and  another  fibreglass  plate 
was  inserted  between  the  apparatus  and  the  top  platen,  for 
thermal  insulation  from  the  press.  Styrofoam  around  the 
thermostat  can  helped  to  thermally  insulate  it.  The  entrance 
port  of  the  thermostat  can  was  connected  to  a  tube  that  car¬ 
ried  the  cold  gas  from  boiling  liquid  nitrogen.  The  temper¬ 
ature  was  changed  by  varying  the  voltage  applied  to  a  pencil 
heater  in  the  liquid  nitrogen,  and  once  set  was  constant  to 
±2  K. 

The  temperature  was  adjusted  to  245  K  in  the  ice  IX 
preparations  or  200  K  in  ice  II  preparations.  The  pressure 
at  the  sample  was  increased  to  2.1  kbar  and  maintained  for 
30  minutes  to  ensure  that  heat  generated  by  the  compression 
was  dissipated.  The  pressure  was  then  slowly  increased  to 
3.0  kbar  to  transform  the  ice  Ih  to  ice  III  or  ice  II,  with 
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a  reduction  in  volume  of  about  20%4,16  at  nearly  constant 
pressure.  The  transformation  to  ice  III  is  fast  at  all  tem¬ 
peratures  between  241  and  253  K,  so  one  hour  at  245  K  and 
3  kbar  was  sufficient  time  to  ensure  that  the  sample  had 
completely  transformed.  The  transformation  to  ice  II  is 
slow  at  200  K;  therefore  the  sample  was  allowed  to  warm  up 
slowly,  typically  over  one  to  two  hours,  from  200  to  225  K 
at  3  kbar  to  ensure  complete  transformation. 

The  transformed  ice  sample  was  rapidly  quenched  to 
77  K  by  passing  liquid  nitrogen  into  the  thermostat  jacket 
while  maintaining  the  pressure  at  3  kbar.  After  one-half 
hour  at  77  K  the  pressure  was  released,  and  the  pressure 
vessel  was  moved  to  the  cold  can. 

The  cold  can  is  an  uninsulated  metal  can  that  contains 
a  work  table  and  boiling  liquid  nitrogen  around  the  table, 
to  provide  a  dry  atmosphere  for  handling  samples  at  77  K.111 
The  sample  is  handled  from  above  the  can,  with  extended 
tweezers  and  30  cm  long  spatulas.  In  the  cold  can,  the 
pistons  were  removed  from  the  cylinder  with  a  piston  extrac¬ 
tor  that  fastens  to  one  of  the  pistons  and  twists  and  pulls 
the  piston  relative  to  the  cylinder.  The  sample  was  removed 
by  pushing  it  through  the  cylinder,  which  caused  it  to  crack 
badly-  Pieces  cut  to  fit  the  Raman  sample  tube  were  fractured 
further,  yielding  poor  samples  for  Raman  studies. 

The  modification  of  the  preparation  introduced  in  this 
work  consisted  of  Teflon  pieces  placed  in  the  pressure  vessel 
to  shape  the  sample  during  preparation  and  to  support  the 
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sample  as  it  was  pushed  out  of  the  cylinder.  The  Teflon 
pieces  are  illustrated  in  Figure  2.2a.  The  two  Teflon  semi¬ 
circles  and  the  small  Teflon  blocks  were  placed  on  the  bottom 
piston  as  shown  in  Figure  2.2b,  forming  a  1.9x1.9x17  mm 
rectangular  cavity.  The  cylinder  and  bottom  piston  were 
pre-cooled  as  before,  and  water  was  syringed  into  the  cavity 
where  it  froze.  The  Teflon  disk  was  placed  over  the  cavity, 
and  water  was  syringed  into  the  one  millimeter  hole  through 
the  disk  and  on  top  of  the  disk,  where  it  froze  to  provide 
a  pressure  linkage  between  the  top  piston  and  the  ice  in  the 
rectangular  cavity. 

The  remainder  of  the  preparation  proceeded  as  above. 

The  pistons  were  extracted  as  before  and  the  back-up  rings 
were  removed.  The  top  piston  was  re-inserted  into  the 
cylinder,  which  was  placed  on  top  of  a  metal  cup  inside  the 
cold  thermostat  can.  Liquid  nitrogen  was  added  to  the 
thermostat  can,  which  was  taken  to  a  hand  press  and  the 
sample  was  pushed  out.  The  pressure  necessary  to  push  the 
sample  out  of  the  cylinder  badly  fractured  the  ice  against 
the  top  piston,  but  the  ice  in  the  rectangular  cavity  was 
protected  by  the  Teflon  pieces.  Some  tissues  in  the  bottom 
of  the  cup  prevented  the  falling  sample  from  breaking.  The 
Teflon  pieces  were  then  separated  from  the  ice  sample  with 
little  disturbance  to  the  sample,  since  the  adhesion  of  ice 
to  Teflon  is  weak.  There  was  no  need  to  cut  the  samples  to 
size  since  the  rectangularly-shaped  chunks  of  ice  fitted 
into  the  square  glass  tubing  that  was  used  to  contain  the 
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Figure  2.2  a)  The  Teflon  pieces  A  to  C  used  to  shape  the 

sample  in  the  pressure  vessel,  b)  The  assembly 
of  the  Teflon  pieces  in  the  pressure  vessel. 

D  is  the  bottom  piston  and  E  the  back-up  ring. 
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Raman  sample.  Therefore,  the  use  of  the  Teflon  pieces 
during  preparation  resulted  in  better  Raman  samples  of  both 
ice  II  and  ice  IX  than  those  prepared  without  the  Teflon. 

2.3  Characterization  of  the  Ice s 

The  samples  of  ice  were  characterized  by  their  behav¬ 
ior  during  transformation,  by  their  appearance  once  quenched, 
by  their  powder  X-ray  diffraction  patterns,  and  by  their 
Raman  spectra. 

The  behavior  of  the  sample  during  the  transformation 
from  ice  Ih  at  2.1  kbar  to  the  high  pressure  ice  at  3  kbar 
was  characteristic  of  the  phase  formed.  The  transformation 
between  200  and  240  K  to  ice  II  began  at  2.0  to  2.3  kbar, 
and  the  pressure  remained  constant  during  compression  until 
the  ice  was  totally  transformed.  During  the  preparation  of 
ice  III  (which  yielded  ice  IX)  at  245  K,  however,  the  pres¬ 
sure  increased  to  2.5  kbar,  then  fell  abruptly  when  the 
transformation  started,  to  2.1  kbar  where  it  stayed  until 
the  ice  was  totally  transformed  to  ice  III  and  the  pressure 
increased  again. 

Further  evidence  of  the  phase  prepared  was  the  appear¬ 
ance  of  the  sample  after  the  pressure  vessel  was  disassembled 
at  77  K.  Ice  II  appeared  clear  to  translucent  unless  it  was 
subjected  to  a  mechanical  shock  which  shattered  it;  the 
crystal  separated  into  thin  plates,  rather  than  chunks,  during 
handling  and  manipulation  with  the  spatulas.  Ice  IX,  however, 
was  always  white,  and  crushed  easily  into  a  powder  during 
handling . 
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The  samples  were  most  definitively  characterized  by 
their  powder  X-ray  diffraction  patterns.  The  detailed 
method  of  preparing  and  transferring  X-ray  samples  has  been 
described  elsewhere.1  Briefly,  a  portion  of  each  early 
preparation  was  ground  at  liquid-nitrogen  temperature  using 
a  stainless  steel  mortar  and  pestle,  and  loaded  into  a  0.5 
millimeter  i.d  Lindeman  glass  capillary.  The  capillary  was 
transferred  to  a  goniometer  head  that  was  mounted  on  a 
Jarrell-Ash  precession  camera  set  at  zero  degrees  precession, 
and  which  was  precooled  by  a  stream  of  cold  nitrogen  gas  to 
produce  a  temperature  of  100  K  at  the  position  of  the  sample. 
The  patterns  produced  on  the  flat-plate  powder  X-ray  photo¬ 
graphs  were  compared  to  the  patterns  in  the  literature11  to 
verify  the  ice  phase  prepared. 

Once  the  Raman  spectra  of  ices  II  and  IX  were  established 
for  ice  samples  that  had  been  identified  through  powder  X-ray 
photographs,  the  phase  of  a  sample  was  identified  by  its 
Raman  spectrum.  This  identification  agreed  with  that  deduced 
from  the  behavior  of  the  sample  under  pressure  and  from  the 
appearance  of  the  quenched  sample. 

2 . 4  The  Raman  Cryostat 

The  Raman  cryostat  (Figure  2.3)  was  a  modification  of 
a  design  by  Dr.  S.M.  Jacobs.  The  cryostat  consisted  of  a 
liquid  helium  storage  dewar.  A,  a  flexible  liquid-helium 
transfer  tube,  C,  the  optical  cell,  E,  and  two  flowmeters,  F. 
The  sample  was  held  in  a  short  length  of  glass  tubing  on  the 
end  of  a  sample  holder-rotator,  which  fitted  into  the  optical 
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Figure  2.3  Schematic  view  of  the  Raman  cryostat:  A,  50  i 

liquid-helium  storage  dewar;  B,  Hoke  valve; 

C,  flexible  liquid-helium  transfer  tube; 

D,  Dewar  adapter;  E,  optical  cell;  F,  flow  meters. 


to 
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cell.  The  optical  cell  was  cooled  by  cold  helium  gas  flowing 
through  the  transfer  tube  from  the  liquid  helium  storage 
dewar .  The  two  flowmeters  were  used  to  measure  the  helium 
gas  flow  rate,  which  determined  the  temperature  of  the  sample 
and  which  was  controlled  by  the  valves  on  the  flowmeters 
and  by  the  pressure  in  the  dewar.  The  Raman  spectrum  was 
excited  by  a  laser  beam  which  was  focussed  on  the  sample 
though  a  flat  glass  wall  of  the  optical  cell,  and  the  light 
that  was  scattered  at  90°  was  collected  and  analyzed  by  a 
SPEX  spectrometer. 

Two  different  types  of  glass  tubes  were  used  to  contain 
the  sample.  They  were  2.5  cm  long  and  either  2  mm  i.d.  round 
Pyrex  tubing  or  2  mm  square  Pyrex  tubing,  and  were  sealed  at 
one  end,  rinsed  in  methanol  and  dried  thoroughly  before  use. 

The  sample  holder-rotator  is  shown  in  Figure  2.4.  It 
consisted  of  an  adapter.  A,  to  hold  the  glass  tube  and  a 
rotator,  C,  which  fitted  into  a  Teflon  sheath,  B,  and  was 
used  to  rotate  and  position  the  sample  during  the  Raman 
experiment . 

The  adapter  was  a  6  cm  length  of  5.5  mm  diameter  Delrin, 
with  one  end  machined  to  snugly  fit  into  the  rotator  and  the 
other  end  machined  to  accept  the  sample  tube.  The  glass  tube 
extended  1  cm  into  the  adapter  and  was  held  in  place  by 
frozen  oil  or  water.  The  adapter  extended  4  mm  into  the 
sample  rotator  and  was  held  in  place  by  friction. 

The  sample  rotator  was  made  of  Delrin  and  screwed  into 
a  Teflon  sheath  that  fastened  to  the  Raman  optical  cell  and 
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Figure  2.4  Sample  holder-rotator  and  junction  ring:  A, 

adapter;  B,  Teflon  sheath;  C,  rotator;  D, 
junction  ring. 
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had  a  threaded  hole  along  its  axis.  The  7  cm  long  screw 
(h  -  20  A.N.C.)  enabled  the  sample  to  be  translated  by 
3  cm.  The  maximum  diameter  of  Delrin  extending  into  the 
optical  cell  was  less  than  7  mm. 

The  Teflon  sheath  was  tapered  to  seal  against  the 
10/30  ground  glass  female  cone  in  the  original  design  of  the 
optical  cell  (Figure  2.5a).  Elastic  bands  held  the  sheath 
m  place  m  the  cone  and  this  provided  a  good  seal.  However, 
the  different  thermal  expansions  of  glass  and  Teflon  caused 
the  sheath  to  be  pressed  further  into  the  hole  as  the  cell 
cooled  and  to  become  stuck,  or  to  break  the  cell,  when  the 
cell  warmed.  To  overcome  this  problem,  the  optical  cell 
was  modified  (Figure  2.5b),  with  an  o-ring  seat  replacing 
the  ground  glass  female  cone.  A  Teflon  junction  ring  (D, 
Figure  2.4)  ,  which  had  a  groove  on  each  side  to  take  a  #112 
fluorosilicone  o-ring  formed  the  seal  between  the  Teflon 
sheath  and  the  optical  cell,  with  the  elastic  bands  again 
holding  the  sheath  onto  the  cell.  Fluorosilicone  was  found 
to  be  the  best  o-ring  material  available,  since  it  would 
form  a  seal  at  temperatures  as  low  as  210  K. 

The  Raman  optical  cell,  shown  in  Figure  2.5b,  was  an 
unsilvered  dewar  cell  constructed  by  the  glass  shop  in  this 
Department.  The  inner  wall  of  the  cell  was  10  mm  square  and 
round  Pyrex  and  the  outer  wall  was  27  mm  square  and  28  mm 
round  Pyrex  tubing.  The  space  between  the  two  walls  was 
permanently  evacuated,  and  the  sample  and  helium  gas  went 
inside  the  inner  tube. 
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Figure  2.5  Original  (A)  and  modified  (B)  Raman  optical  cell 

with  ground- glass  female  cone  and  o— ring  seat 
at  end  C,  respectively.  D  is  the  Dewar  adapter 
and  E  is  a  8/19  ground-glass  ball  joint. 
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In  operation,  the  optical  cell  was  firmly  clamped  in 
the  sample  compartment  of  the  spectrometer,  and  was  orient¬ 
ed  with  the  ground  glass  ball  (E  in  Figure  2.5)  pointing  up 
to  receive  the  transfer  tube  (Figure  2.3).  The  transfer 
tube  was  connected  to  the  optical  cell  by  a  silvered— glass 
dewar  adapter,  which  contained  a  8/19  socket  at  its  lower 
end  and  was  stuck  to  the  transfer  tube  at  its  upper  end  with 
silicone  rubber  cement.  Silicone  grease  on  the  ball  joint 
sealed  the  optical  cell  to  the  transfer  tube  adapter. 

To  control  the  sample  temperature  through  the  helium 
gas  flow  rate,  the  pressure  in  the  liquid-helium  storage 
dewar  (A  in  Figure  2.3)  was  controlled  by  the  Hoke  valve, 

B,  and  the  flow  rate  was  further  controlled  by  the  valves 
on  the  flowmeters,  F  (Matheson  604).  The  flow  rate  was 
adjustable  from  0  to  80  £/min.  The  temperature  at  the  sample 
position  was  monitored  by  a  copper-constantan  thermocouple 
and  by  a  germanium  resistance  thermometer  (Scientific  Instru¬ 
ments  Inc.,  model  no  2G(3-L))  located  1  cm  downstream  from 
the  laser  beam.  The  sensitivity  of  a  copper-constantan 
thermocouple  increases  nearly  linearly  from  0.017  V/K  at  85  K 
to  0.036  V/K  at  250  K,  and  the  junction  potential  could  be 
read  to  ±0.002  V.  The  sensitivity  of  a  germanium  resistance 
thermometer  increases  with  decreasing  temperature  much  fast¬ 
er  than  linearly,  from  0.2  ft/ K  at  100  K  to  1.2  ft/K  at  50  K, 
4.5  ft/K  at  25  K,  and  greater  than  400  ft/K  at  4  K,  and  the 
resistance  was  measured  to  0.1  ft.  The  copper-constantan 
thermocouple  was  used  above  85  K,  while  the  germanium 
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resistance  thermometer  was  used  between  1.5  and  100  K  with 
high  sensitivity  at  low  temperatures  and  lower  sensitivity 
near  100  K.  Temperatures  were  controlled  to  ±1  K  at  25  K, 
rising  to  ±3  K  between  40  and  100  K. 

2.5  Sample-Handling  Procedures 

The  procedures  for  loading  the  Raman  samples  into  the 
low- temperature  cell  are  described  in  this  section.  The 
sample  was  loaded  into  a  glass  tube  in  the  cold  can,  attached 
to  the  adapter  of  the  sample  holder-rotator  and  stored  in 
liquid-nitrogen.  The  Raman  cryostat  was  precooled  to  100  K 
and  the  sample  was  transferred  to  it.  After  the  cryostat 
temperature  had  been  adjusted,  Raman  spectra  of  the  sample 
were  recorded. 

To  load  the  sample  into  the  glass  tube,  the  cold  can 
and  table  were  cooled  with  liquid  nitrogen,  and  a  glass 
Petri  dish  containing  the  empty  glass  tube  was  placed  on  the 
table  and  allowed  to  cool.  The  ice  sample  was  poured  into 
the  Petri  dish  with  the  liquid  nitrogen  from  the  sample 
bottle,  and  a  chunk  of  sample  was  selected.  When  necessary, 
the  chunk  was  cut  with  the  edge  of  a  cold  spatula  or  with  a 
cold  X-Acto  knife  to  the  diameter  of  the  glass  tube;  the  cut 
faces  were  irregular,  not  smooth.  The  ice  was  loaded  into 
the  tube  with  a  spatula,  which  was  bent  into  a  right  angle 
5  mm  from  its  tip  to  form  a  horizontal  platform  when  the 
spatula  was  held  in  its  normal,  vertical  position.  The  ice 
sample  was  placed  on  the  platform  of  the  spatula  and  a 
second  spatula  was  used  to  push  the  ice  into  the  tube,  which 
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lay  on  its  side  in  the  Petri  dish.  The  tube  was  carefully 
lifted  by  its  open  end  so  that  the  sample  slid  into  the 
tube.  Often  a  second  piece  of  ice  was  put  into  the  glass 
tube /  for  a  total  sample  length  of  5  to  10  mm.  The  tube  was 
then  positioned  vertically  in  a  brass  stand  on  the  table. 

A  Teflon  core,  1 . 5  mm  diameter  and  about  1.5  cm  in  length, 
was  pushed  into  the  tube  to  wedge  the  sample  in  place.  The 
core  protruded  a  few  millimeters  out  of  the  tube. 

The  recessed  end  of  the  adapter  (Section  2.4  and 
Figure  2.4)  was  moistened  and  the  excess  water  was  shaken 
out.  The  warm  adapter  was  quickly  pushed  as  far  as  it  would 
go  over  the  open  end  of  the  sample  tube  in  the  cold  can. 
Within  several  seconds  the  water  in  the  adapter  froze,  bond¬ 
ing  the  two  pieces  together.  The  adapter  and  sample  tube 
were  then  immersed  in  a  pool  of  liquid  nitrogen  in  the  table 
to  finish  cooling  the  plastic  adapter  to  77  K.  The  sample 
and  adapter  could  then  be  stored  in  a  bottle  under  liquid 
nitrogen  indefinitely,  or  could  be  used  immediately. 

When  ready  to  examine  the  sample,  the  junction  ring 
and  the  two  o-rings  (Section  2.4  and  Figure  2.4)  were  fas¬ 
tened  to  the  pre-assembled  rotator  and  sheath  of  the  sample 
rotator,  and  the  rotator  was  pushed  onto  the  adapter  in  the 
cold  can.  The  sample  was  then  immersed  in  an  unsilvered 
dewar  of  liquid  nitrogen,  which  had  been  placed  in  the  cold 
can  so  that  no  condensation  onto  the  sample  tube  occurred 
during  the  transfer.  The  dewar  was  then  removed  from  the 
cold  can.  The  sample  holder-rotator  was  positioned  in  the 
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dewar  with  the  sample  in  the  liquid  nitrogen  and  the  Teflon 
junction  ring  and  o-rings  above  the  rim  of  the  dewar,  so 
that  the  o-rings  did  not  freeze. 

Before  the  sample  was  transferred  from  the  dewar  to 
the  cryostat,  the  cryostat  was  precooled  to  100  K  using  the 
following  procedure.  The  cryostat  was  assembled  as  in 
Figure  2.3,  but  without  the  transfer  tube.  The  o-ring  end 
of  the  optical  cell  (Figure  2.5)  where  the  sample  holder- 
rotator  eventually  sat  was  capped  by  a  25  mm  Teflon  disk 
with  a  13  mm  groove  and  matching  f luorosilicone  o-ring, 
which  was  held  in  place  by  elastic  bands  looped  around  glass 
projections  on  the  cell.  Silicone  grease  was  applied  to 
the  ball  of  the  dewar  cell.  One  end  of  the  transfer  tube 
was  inserted  into  the  liquid  helium  storage  dewar,  slowly, 
to  flush  the  transfer  tube  and  to  cool  it  efficiently. 

When  the  dewar  adapter  (Figure  2.5)  on  the  transfer  tube 
reached  the  level  of  the  optical  cell,  the  socket  of  the 
dewar  adapter  was  placed  over  the  ball  of  the  cell  and 
fastened  with  elastic  bands. 

The  Hoke  valve  was  just  cracked  at  this  point  and  the 
valve  on  each  flowmeter  was  opened  about  1.5  turns.  Initial¬ 
ly  the  helium  gas  flow  was  erratic,  but  when  the  cell  had 
cooled  to  a  steady  state  the  gas  flow  stabilized.  The  pres¬ 
sure  in  the  storage  dewar  was  adjusted  to  yield  a  steady 
temperature  in  the  cell  of  100  K.  The  pressure  could,  of 
course,  be  decreased  by  opening  the  Hoke  valve  and  it  spon¬ 
taneously  increased  quite  rapidly  when  the  Hoke  valve  was 


closed.  If  the  temperature  was  too  low  the  o-rings  on  the 
sample  rotator  froze  before  sealing.  The  flowmeters  were 
not  adjusted  at  this  point.  When  the  correct  temperature 
was  reached  the  gas  flow  registered  about  30  on  a  scale  of 
150  on  the  meter,  indicating  a  flow  of  about  4  £/min.  through 
each  meter.  The  cryostat  was  then  ready  for  the  sample. 

The  success  of  the  sample  transfer  from  the  dewar  of 
nitrogen  to  the  cryostat  depended  largely  on  the  speed 
of  the  operation.  The  elastic  bands  that  held  the  Teflon 
cap  and  o-ring  to  the  Raman  optical  cell  were  released,  while 
the  cap  was  held  in  place.  The  elastic  band  holding  the 
junction  ring  and  o-rings  to  the  sheath  of  the  rotator  was 
removed,  while  the  ring  was  held  in  place.  The  Teflon  cap 
and  o-ring  were  then  quickly  removed  from  the  optical  cell 
and  the  sample  was  inserted  so  that  the  o-rings  and  the 
junction  ring  resealed  the  optical  cell.  It  was  essential 
to  prevent  condensation  onto  the  sample  tube  as  far  as 
possible.  Further,  if  this  step  was  done  too  slowly,  the 
cold  gases  froze  the  o-rings  before  the  seal  was  made,  caus¬ 
ing  a  gas  leakage  about  the  o-ring  that  usually  spoiled  the 
attempt  to  obtain  spectra. 

After  the  sample  was  inserted  into  the  cell,  the  sample 
holder-rotator  was  secured  to  the  cryostat  with  elastic 
bands .  Any  liquid  nitrogen  on  the  sample  tube  quickly  evap¬ 
orated  and  was  flushed  away  by  helium  gas  at  100  K. 

The  sample  temperature  and  its  steadiness  depended  on 
the  rate  and  steadiness  of  the  helium  gas  flow  through  the 
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cell,  and  therefore  on  the  storage  dewar  pressure  and  its 
stability.  However,  unless  enough  gas  was  bled  from  the 
storage  dewar  the  pressure  in  it  tended  to  increase  steadily 
which  caused  a  steady  decrease  in  sample  temperature.  The 
Hoke  valve  (B  in  Figure  2.3)  was  used  to  avoid  this.  For  a 
particular  storage  dewar  pressure  the  flowmeter  valves  could 
be  adjusted  to  yield  the  minimum  constant  temperature  possi¬ 
ble  for  that  pressure.  For  any  higher  temperature  the  gas 
flow  was  more  greatly  restricted  and  the  excess  pressure 
evolved  in  the  dewar  was  bled  through  the  Hoke  valve. 

The  lowest  temperature  that  was  reached  by  this  proce¬ 
dure  was  25  K,  considerably  higher  than  the  4.3  K  temperature 
of  boiling  liquid  helium,  because  gross  fluctuations  in  the 
gas  flow  rate  increased  with  the  dewar  pressure  and  resulted 
in  considerable  variation  in  the  sample  temperature.  There¬ 
fore,  spectra  were  recorded  with  the  sensor  temperature 
between  25  and  100  K  in  this  work. 

2.6  Raman  Instrumentation 

The  Raman  instrumentation  consisted  of  a  laser  as  the 
exciting  line  source,  optics  to  filter,  direct  and  focus  the 
laser  beam  onto  the  sample,  optics  to  focus  onto  the  mono¬ 
chromator  slit  the  light  scattered  by  the  sample  at  90°  to 
the  exciting  beam,  a  double  monochromator,  a  detector  and 
photon-counting  electronics  to  measure  the  intensity  of  light 
of  each  frequency.  An  iodine  filter112-114  was  sometimes 
used  to  reduce  the  intensity  of  radiation  at  the  laser  wave¬ 
length  from  the  scattered  beam,  i.e.  to  reduce  stray  light 
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and  thus  to  improve  the  visibility  of  Raman  features  at  low 
frequency  shifts. 

The  excitation  line  source  was  a  Coherent  Radiation 
CR-5  Ar+  laser ,  fitted  with  a  CR-6  or  a  CR-8  laser  tube. 

The  exciting  lines  were  the  4880  A  and  5145  A  Ar+  lines, 
which  have  vacuum  wavenumbers  of  20486.608  cm”1  115/116 
and  19429.73  cm"1  116  '117  respectively.  The  laser  was 
single-moded  with  a  Coherent  Radiation  model  423  Fabry-Perot 
etalon  when  the  iodine  filter  was  used.  The  laser  power  was 
normally  set  to  100  to  200  mW  at  the  sample,  although  occa¬ 
sionally  400  mW  was  used.  In  single-moded  operation  the 
maximum  laser  power  that  could  be  obtained  was  used,  i.e. 

100  to  150  mW  at  the  sample. 

Light  from  the  laser  passed  through  a  beam  expander 
(SPEX  1452)  and  then  through  a  Claassen  filter  (SPEX  1453) 
which  consists  of  a  prism  and  a  slit  to  spatially  separate 
lines  of  different  frequencies,  in  order  to  remove  non-lasing 
emissions  from  the  laser.  The  filtered  exciting  light  was 
then  focussed  onto  the  sample.  Light  scattered  by  the 
sample  at  90°  to  the  incident  beam  was  collected  and  focussed 
through  a  polarization  analyzer,  when  desired,  and  through 
a  polarization  scrambler  onto  the  entrance  slit  of  the 
monochromator.  When  the  iodine  absorption  cell  was  used  it 
was  placed  between  the  polarization  scrambler  and  the  entrance 
slit.  The  iodine  cell  was  a  10  cm  glass  cell  containing 
iodine  solid  and  vapor  at  70°C. 

The  monochromator  was  a  SPEX  1401  double  monochromator 
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consisting  of  two  0.75  meter  monochromators  in  series,  each 
fitted  with  a  1221  grooves/mm  ruled  grating,  with  a  spatial 
filter  (SPEX  1478)  between  the  exit  slits  of  the  two  mono¬ 
chromators.  The  intensity  of  light  leaving  the  second  mono¬ 
chromator  was  measured  with  a  photomultiplier  tube  (RCA 
C31034)  which  was  cooled  to  -30°C.  Harshaw  photon-counting 
electronics  converted  the  signal  from  the  photomultiplier 
tube  to  a  voltage  proportional  to  the  number  of  photons 
detected  in  unit  time,  and  consisted  of  a  preamplifier,  an 
fi-er r  a  pulse-height  analyzer  and  a  linear  ratemeter. 
The  voltage  output  from  the  ratemeter  was  recorded  with  a 
Hewlett-Packard  7100B  strip  chart  recorder. 

Spectral  resolution  was  typically  0.5  to  4  cm  ^  and 
the  ratemeter  integration  time  constant  was  0.5  or  2  seconds. 
The  scanning  speed  was  5  to  25  cm  ^/min  and  was  less  than 

R/ ( 4 • T ) ,  where  R  is  the  spectral  resolution  and  T  the  time 
constant . 

2.7  Calibration  of  the  Raman  Spectrometer 

A  Raman  spectrum  is  a  plot  of  the  intensity  of  light 
that  is  scattered  at  each  frequency  in  the  spectral  range. 

The  Raman  spectrum  that  is  obtained  from  a  conventional  Raman 
spectrometer  can  be  converted  to  the  true  spectrum  by  cali¬ 
brating  the  spectrometer,  that  is  by  correcting  the  frequen¬ 
cies  provided  on  the  wavenumber  scale  of  the  spectrometer, 
which  are  accurate  to  only  a  few  wavenumbers,  and  by  deter¬ 
mining  the  way  in  which  the  intensity  response  of  the  instru¬ 
ment  varies  with  frequency.  This  latter  correction  is  often 
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neglected . 

To  obtain  accurate  frequencies  the  emission  spectrum  of 
neon  or  Ar+  was  superimposed  on  the  Raman  spectrum  and  the 
vacuum  wavenumber  of  a  Raman  line  was  determined  from  the 
known  vacuum  wavenumbers  of  the  twelve  to  fifteen  emission 
lines  of  neon  or  Ar+  115-118  by  interpolation.  The  neon  line 
source  was  an  Oriel  C-13-41  pen  lamp,  while  the  Ar+  lines 
appeared  in  Raman  spectra  when  the  Claassen  filter  was  not 
used.  The  intensity  center  of  a  Raman  or  reference  line  was 
determined  by  bisecting  the  peak  at  different  heights,  drawing 
a  line  through  the  points  and  extrapolating  the  line  until  it 
cut  the  curve  at  the  peak.  The  absolute  frequency,  vD,  of  the 
Raman  line  was  determined  from  the  chart  scale  and  the  dis¬ 
tance  from  a  reference  line  to  the  Raman  line  (equation  1, 
Figure  2.6).  This  frequency,  vR,  was  then  subtracted  from  the 
vacuum  wavenumber,  vQ,  of  the  exciting  line  to  give  the  Raman 
shift  (equation  2,  Figure  2.6) .  The  shift  of  each  Raman  line 
was  measured  with  respect  to  as  many  reference  lines  as  possi¬ 
ble,  and  the  average  and  standard  deviation  of  the  measurements 
was  found  (equation  3,  Figure  2.6).  Measurements  for  each 
Raman  line  were  made  relative  to  between  three  and  eight 
reference  lines  on  each  of  three  or  four  spectra. 

Two  methods  for  determining  the  chart  scale  are  indicated 
in  Figure  2.6.  In  Method  1  it  is  assumed  that  the  chart  scale 
is  constant  over  the  recorded  spectrum,  which  does  not  take 
account  of  the  small  variations  in  the  chart  scale  over  short 
frequency  ranges.  In  Method  2  it  is  assumed  that  the  chart 
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Figure  2.6  Methods  for  frequency  calibration  of  Raman 

spectrometer.  vQ,  v  ,  ,  and  v*  are  the 

vacuum  wavenumbers  of  the  exciting  line,  the 
Raman  line,  and  the  two  reference  lines.  N  is 
the  number  of  reference  lines.  d^  is  the  signed 
distance  from  reference  line  i  to  the  Raman  line. 
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scale  is  constant  between  any  two  reference  lines,  which  is 
probably  better  than  the  assumption  in  Method  1  but  is  still 
not  perfect  because  the  chart  scale  over  a  given  frequency 
region  varies  with  the  pair  of  reference  lines  used  to 
calculate  it.  In  practice  the  average  frequencies  from  the 
two  methods  were  almost  identical  while  the  standard  devia¬ 
tions  were  only  about  0.1  cm  ^  smaller  from  Method  2  than 
from  Method  1. 

The  frequency  dependence  of  the  intensity  response  of 
the  instrument  was  determined  by  recording  the  spectrum  of  a 
lamp  for  which  the  intensity  was  known  as  a  function  of  the 
frequency.  The  spectrum  that  is  recorded  in  a  Raman  experi¬ 
ment  describes  the  number  of  photons  scattered  in  unit  time 
by  the  sample  at  each  frequency  as  measured  by  the  detector, 
but  the  true  Raman  spectrum  describes  the  actual  number  of 
photons  scattered  in  unit  time  at  each  frequency.  The  inten¬ 
sity  of  scattered  light  is  proportional  to  the  number  of 
photons  scattered  in  unit  time,  through  h*f,  where  h  is 
Planck's  constant  and  f  is  the  frequency.  The  detected  light 
intensity  depends  not  only  on' the  intensity  of  light  that  is 
scattered  but  also  on  the  response  of  the  monochromator  and 
photomultiplier  tube  to  radiation  of  different  frequencies. 
The  response  of  the  monochromator  and  the  photomultiplier 
tube  together  is  called  the  intensity  response  of  the  instru¬ 
ment.  Once  determined,  the  intensity  response  of  the  instru¬ 
ment  is  used  to  correct  the  observed  absolute  or  relative 
intensities  of  spectral  features  to  the  true  absolute  or 


101 


relative  intensities.  However,  the  relative  intensities  are 
easier  to  obtain  than  the  absolute  intensities,  and  are  also 
the  quantities  normally  of  interest  in  Raman  spectroscopy. 

The  standard  lamp  was  supplied  by  the  manufacturer 
with  a  listing  of  the  power,  P,  emitted  by  the  lamp  in  a 

o 

10  A  interval  about  each  spectral  wavelength,  under  certain 
constant  conditions  that  are  not  important  for  relative 
intensity  determinations.  It  can  be  shown  that  B(v),  the 
intensity  emitted  by  the  standard  lamp  in  unit  wavenumber 
interval  at  wavenumber  v,  is  proportional  to  P/v2.  C'(v), 

the  relative  intensity  response  function  of  the  instrument, 
is  thus 


C' (v)  =  k' [Isl(v)/B(v) ]  (2.1) 

where  lsl(v)  is  the  intensity  of  the  standard  lamp  measured 
by  the  detector,  and  k'  is  an  arbitrary  constant.  The  rela¬ 
tive  intensity  correction  function,  C(v),  is  the  reciprocal 
of  the  relative  intensity  response  of  the  instrument  at  v, 
C'(v).  The  detected  Raman  intensity,  Rr(v),  is  then  multi¬ 
plied  by  the  relative  intensity  correction  function  to  yield 
the  true  relative  Raman  intensity,  R(v).  Thus 

R ( v )  =Rr(v)*C(v)  =  Rr (v) -k- [B(v)/Isl (v) ]  (2.2) 

where  k~1=  k'  .  Thus,  through  equation  (2.2),  the  true 
intensity  spectrum,  i.e.  the  energy  that  is  scattered  by  the 
sample  through  unit  area  in  unit  time  at  each  frequency,  was 
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calculated  from  the  observed  spectrum,  i.e.  the  number  of 
photons  scattered  at  each  frequency  as  modified  by  the 
instrument  response. 


CHAPTER  THREE 


EXPERIMENTAL  RESULTS 

3.1  Introduction 

The  experimental  results  of  this  work  are  described  in 
this  chapter.  The  ice  phase  that  was  obtained  in  a  prepara¬ 
tion,  and  its  purity,  were  determined  from  its  powder  X-ray 
diffraction  pattern  and  its  Raman  spectrum,  as  discussed  in 
Section  3.2.  Section  3.3  describes  the  corrections  that  were 
applied  to  the  temperature  indicated  by  the  germanium  resis¬ 
tance  thermometer,  to  give  the  true  temperature  of  the  Raman 
sample.  Section  3.4  describes  the  intensity  response  of  the 
instrument,  which  was  applied  to  the  recorded  spectra  to 
obtain  the  true  relative  Raman  intensities.  Section  3.5 
presents  the  frequencies,  half-widths  and  relative  intensities 
of  the  features  in  the  Raman  spectra  of  H2O  and  D^O  ice  II 
and  ice  IX  for  samples  between  35  and  100  K  at  atmospheric 
pressure,  and  polarized  spectra  of  ice  II. 

3.2  Characterization  of  the  Samples 

The  four  ices  examined  in  this  study  were  H2O  and  D2O 
ice  II,  and  H20  and  D20  ice  IX.  At  least  two  samples  of  each 
ice  were  prepared,  and  the  powder  X-ray  diffraction  pattern 
and  the  Raman  spectrum  were  obtained  for  at  least  one  sample 
of  each  ice.  Other  samples  of  the  same  ice  were  then  identi¬ 
fied  through  their  Raman  spectra.  The  amount  of  hydrogen 
isotope  impurity  in  the  liquid  D2O  starting  material  was 
determined  from  the  O-H  stretching  region  of  the  Raman  spectra 
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of  two  samples  of  D20  ice. 

The  X-ray  diffraction  pattern  of  a  powdered  sample 
consists  of  a  set  of  concentric  circles,  and  each  circle 
results  from  X-ray  diffraction  by  particular  crystal  planes. 
The  interplanar  spacings,  called  the  d-spacings,  were  calcu¬ 
lated  from  the  circle  diameters  and  compared  to  the  listings 
in  the  literature.1'11  The  d-spacings  are  temperature  depen¬ 
dent  but  vary  slowly  enough  that  precise  knowledge  of  the 
temperature  was  unnecessary  for  identification  of  the  phase. 
In  two  experiments,  however,  the  temperature  was  accurately 
measured  before  and  after  recording  the  X-ray  pattern.  In 
the  first  experiment,  two  photographs  of  one  sample  of  H20 
ice  II  were  recorded,  each  was  measured  once,  and  the  average 
d-spacings  were  determined.  Each  d-spacing  was  assigned  to 
the  most  intense  X-ray  reflection  contributing  to  the  circle1 
and  the  cell  parameters  were  refined  with  the  program  DREFINE 
to  fit  the  d-spacings.  The  parameters  of  the  hexagonal  cell 

o  o 

of  ice  II  refined  to  a  =  12.95  A  and  c  =  6.25  A  for  a  sample 
at  115±1  K.  This  compares  well  with  the  previous  determina¬ 
tions  of  the  cell  parameters  by  Bertie,  Calvert  and  Whalley1 1 
(a  =  12.92  A,  c  =  6.23  A  at  ~90  K) ,  Kamb46  (a  =  12.97  A, 
c  =  6.25  A  at  123  K) ,  and  Bates1  (a  =  12.91  A,  c  =  6.24  A  at 
100  K) .  In  the  second  experiment,  one  photograph  of  a  sample 
of  D20  ice  IX  at  118±3  K  was  recorded  and  the  d-spacings  were 
measured  once.  The  parameters  of  the  tetragonal  cell  of  ice 

o  o 

IX  refined  to  a  =  6.75  A  and  c  =  6.81  A,  which  compares  well 
with  the  cell  parameters  determined  by  Bertie,  Calvert  and 
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Whalley11  (a  -  6.75  A ,  c  =  6.79  A  at  ~90  K) ,  Kamb  and 

Prakash52  (a  =  6.73  A ,  c  =  6.83  A  at  98  K) ,  and  Bates1 

(a  =  6.74  A,  c  =  6.77  A  at  100  K)  . 

The  most  likely  contaminants  of  ice  II  or  ice  IX  are 

ice  Ih,  ice  Ic,  and  either  ice  IX  or  ice  II,  and  the  strong¬ 
est  reflections  of  these  impurities  should  be  readily 
observable  in  the  X-ray  patterns  if  the  contaminants  are 
present  in  sufficient  quantity.  No  evidence  of  impurity  was 
observed  for  the  ice  II  samples,  but  the  111  reflection  of 
ice  Ic  was  present  very  weakly  in  the  diffraction  pattern  of 
the  ice  IX  samples.  This  trace  of  ice  Ic  was  detected  in 
both  samples  of  ice  IX  tested  by  this  method. 

Ice  Ic  impurity  in  ice  IX  at  100  K  would  affect  the 
Raman  spectrum  most  noticeably  at  the  frequencies  of  its  most 
intense  Raman  lines,  3083  and  227.6  cm  1  for  H^O  76'99  and 
2295  and  218.6  cm  1  for  D20.76  r"  The  lower  frequency  peaks, 
with  half-widths  of  ~10  cm  1,76  are  much  sharper  than  the 
higher  frequency  peaks,  and  occur  in  spectral  regions  where 
ice  II  and  ice  IX  scatter  very  little.  However,  no  scatter¬ 
ing  was  observed  at  227.6  cm  1  in  H2O  ice  IX  and  218.6  cm  1 
in  D2O  ice  IX,  even  in  the  spectra  of  those  samples  that  were 
shown  by  the  X-ray  evidence  to  contain  traces  of  ice  Ic.  It 
is  concluded,  therefore,  that  either  ice  Ic  formed  while  the 
X-ray  samples  were  prepared  or  ice  Ic  was  present  in  the 
samples  in  spectroscopically  undetectable  amounts. 

The  hydrogen  isotope  content  of  the  liquid  D2O  that  was 
used  to  prepare  the  ice  samples  was  0.5  ±0.1%  H,119  but  the 
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hydrogen  content  of  each  D^O  ice  sample  could  be  somewhat 
higher  because  the  liquid  was  exposed  to  atmospheric  water 
vapor  during  the  preparation.  The  hydrogen  content  of  two 
deuterated  ice  samples  was  tested  by  measuring  the  intensity 
of  voh(HDO),  the  band  due  to  the  uncoupled  O-H  oscillator, 
relative  to  that  of  voD(DO),  t^ie  kand  due  to  bhe  coupled  O-D 
oscillators.  vQH(HDO)  absorbs  at  3326  cm-1,  3318  cm-1  and 
3288  cm  1  in  D^O  ice  IX  at  100  K,41  and  the  corresponding 
Raman  scattering  is  expected  at  the  same  frequencies.  A  very 
weak,  broad  peak  was  observed  at  -3315  cm-1  in  the  Raman .. 
spectrum  of  a  sample  of  D^O  ice  IX  with  an  area  that  was 
~1.6%  of  the  integrated  area  of  the  vod(D2°)  band.  Since" 
scattering  by  an  O-H  oscillator  is  twice  as  intense  as  that 
by  an  O-D  oscillator,  the  sample  contained  -0.8%  H.  The  same 
experiment  was  performed  with  a  D2O  ice  II  sample  but  the 
scattering  by  v  (HDO) ,  which  is  expected  at  3373  cm  1 , 

3357  cm  1  and  3323  cm  1,41  was  not  observed,  so  the  hydrogen 
content  of  that  sample  was  presumably  close  to  0.5%  H,  the 
value  for  the  starting  liquid.  It  is  clear  that  the  prepara¬ 
tion  of  the  ice  samples  did  not  introduce  a  significant 
amount  of  hydrogen  into  the  D^O  samples. 

3.3  Determination  of  the  Sample  Temperature 

The  accuracy  with  which  the  germanium  resistance  ther¬ 
mometer  indicated  the  true  temperature  of  the  sample  was 
checked  by  comparing  the  temperature  it  gave  with  the  tempera¬ 
ture  obtained  from  the  relative  intensity  of  a  corresponding 
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pair  of  Stokes  and  anti-Stokes  Raman  lines.  The  Stokes/anti- 
Stokes  intensity  ratio  is  given  by 


where  n-3  if  the  spectrum  is  a  plot  of  the  number  of  photons 

scattered  at  frequency  v  per  second,  and  n=4  if  the  spectrum 

is  a  plot  of  the  scattered  intensity  at  v.  The  intensity 

ratio  Ig/Ias  is  the  ratio  of  the  areas  under  the  Stokes  and 

anti-Stokes  peaks,  Av  is  the  Raman  shift  of  each  peak,  v  and 

s 

vas  are  the  absolute  frequencies  of  the  Stokes  and  anti-Stokes 
peaks,  and  T  is  the  absolute  temperature  of  the  sample.  The 
ratio  k/hc,  of  the  Boltzmann  constant  to  Planck's  constant 
times  the  velocity  of  light  in  vacuum,  equals  0.6950  cm_1«K_1. 
Equation  (3.1)  can  be  rearranged  to 


T 


s  /a  s 


Av/0 . 6950 


(3.2) 


where  T  .  is  the  Stokes/anti-Stokes  temperature,  that  is 

S  /  3,  S 

the  sample  temperature  determined  from  the  Stokes/anti-Stokes 
intensity  ratio. 

The  intensity  ratio,  I  /I  ,  can  be  measured  most  accu- 

s  as 

rately,  and  thus  yields  the  most  accurate  temperatures,  if  it 
is  less  than  ~10.  For  temperatures  below  100  K  this  requires 
that  strong  Raman  peaks  below  100  cm  1  be  used.  For  ice  II 
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(Section  3.5)  the  most  favorable  peak  occurs  at  ~71  cm 
(•'•69  cm  1  for  D2O)  and,  although  less  favorable,  the  peak  at 
~103  cm  1  (~100  cm  1  for  D^O)  can  be  used.  For  ice  IX 
(Section  3.5)  the  optimum  peak  occurs  at  ~73  cm  1  (~70  cm  1 
for  D2O) ,  since  the  35  cm  1  peak  (34  cm  1  for  D2O)  is  normally 
difficult  to  measure  accurately,  due  to  intense  Rayleigh 
scattering. 

T  ,  anc*  Tr'  are  compared  in  Table  3.1  and  Figure  3.1 

S  /  a.  S  Vj  0 

for  thirteen  determinations  at  eleven  temperatures  between 

40  and  100  K.  The  average  of  up  to  six  measurements  of 

I  .  was  used  to  calculate  T  .  .  The  standard  deviation 
s/as  s/as 

of  I  ,  was  about  10%  of  I  ,  ,  so  the  standard  deviation 

s/as  s/as 

of  T  .  is  less  than  1  K  at  40  K,  and  about  3  K  at  100  K. 
s/as 

The  data  were  fitted  by  an  unweighted  least-squares  analysis 
to  the  straight  line 

T  =  0.819* T  +  15.5  K,  (3.3) 

cor r  Ge  v  •  ' 

which  is  shown  in  Figure  3.1.  The  standard  errors  of  the 
slope  and  the  intercept  are  0.064  and  4.6  K  respectively,  and 
the  covariance  of  the  slope  and  intercept  is  -0.284  K.  The 
correct  temperature,  T  ,  for  each  value  of  T„  is  given 
in  Table  3.1  with  its  standard  error.  The  temperatures 
quoted  for  spectral  samples  in  this  thesis  are  the  correct 
temperatures . 

A  necessary  concern  of  Raman  spectroscopists  is  laser 
heating  of  the  sample,  which  occurs  if  the  frequency  of  the 
exciting  laser  line  coincides  with  an  absorption  band  of  the 
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Table  3.1 

Results  of  the  calibration  of  the 
germanium  resistance  thermometer 


'Sea/K 

T  7  b/K 
s/as 

T  C/K 

corr 

40 

49.1 

48.2 (2.2) 

41 

44.0 

49.0(2.1) 

46 

53.9 

53.1(1.9) 

50 

55.6 

56.4(1.7) 

60 

67.0 

64.6(1.3) 

71 

69.3 

73.6(1.2) 

75 

76.0 

76.9(1.3) 

79 

84.0 

80.1(1.4) 

82 

88.4 

82.6(1.5) 

82 

85.5 

82.6(1.5) 

91 

90.2 

90.0(1.9) 

98 

86.5 

95.7(2.2) 

Temperature  indicated  by  the  germanium  resistor. 

Temperature  determined  from  the  Stokes/anti-Stokes 
intensity  ratio. 

T  =  0.819*T  +  15.5  K.  The  standard  error  is 

corr  Ge 

given  in  parentheses. 


c 
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T6e/K 


Figure  3.1  The  temperature  of  Raman  samples  measured  from 

the  intensity  ratio  of  Stokes  and  anti-Stokes 
lines  plotted  against  the  temperature  measured 
by  a  germanium  resistance  thermometer. 


Ill 


sample.  The  Napierian  absorption  coefficient,  a=  £~1*£n(I  /I  ) 

o  t ' 

where  Iq  and  It  are  the  intensities  of  light  before  and 
after  traversing  the  distance  £  in  the  sample,  of  ice  Ih  is 
only  0.0008  cm’1  at  20487  crrf1,120  so  that  less  than  0.02%  of 

o 

4880  A  exciting  radiation  is  absorbed  by  a  2  mm  thick  sample 
of  ice  Ih.  The  visible  absorption  coefficients  of  ice  II  and 
ice  IX  have  never  been  reported,  but  they  are  likely  similar 
to  that  of  ice  Ih.  Therefore  laser  heating  of  ice  II  or  ice 
IX  is  expected  to  be  small,  but  not  zero. 

To  test  this  experimentally,  the  spectra  used  for  tem¬ 
perature  calibration  were  excited  with  four  different  power 
levels  between  85  and  600  mW.  If  laser  heating  had  been  a 
problem,  the  points  obtained  with  higher  laser  powers  would 
be  consistently  above  those  obtained  with  lower  laser  powers 
in  Figure  3.1,  and  this  is  not  observed.  Thus  laser  heating 
of  the  sample  appears  not  to  have  been  significant  even  at 
a  power  of  600  mW. 

3.4  The  Intensity  Response  of  the  Instrument 

The  spectrum  of  a  standard  lamp  was  recorded  between 
21000  and  11500  cm  1 ,  at  a  constant  slit  width  of  50  pm.  The 
relative  intensity  response  function  of  the  instrument,  C'(v), 
and  the  relative  intensity  correction,  C(v),  (Section  2.7) 
that  were  calculated  from  the  spectrum  are  given  in  Figure 
3.2,  where  k  and  k'  of  equations  (2.1)  and  (2.2)  have  been 
adjusted  to  give  C'(v)  =  C(v)  =  1.0  at  20487  cm.”1  The 
observed  spectrum  was  multiplied  by  C(v)  to  correct  the 
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Figure  3.2 


The  intensity  response  C' (v)  of  the  Raman 
instrument  and  its  reciprocal,  the  relative 
intensity  correction  curve  C(v). 


I 


obs 


C(v)  . 


corr 
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relative  intensities  for  the  instrument  response.  The  values 
of  C'(v)  are  accurate  to  within  15%,  judging  from  the  noise 
on  the  spectrum  of  the  standard  lamp.  Those  portions  of  the 
curves  that  apply  to  Stokes  Raman  spectra  excited  with  4880 

o 

and  5145  A  laser  lines  are  indicated  under  the  wavenumber 
axis,  and  the  wavenumber  ranges  over  which  spectra  of  ice 
were  recorded  in  this  work  are  indicated  by  horizontal  bars. 

It  is  concluded  from  Figure  3.2  that  the  correction 
function  C(v)  is  constant  to  within  3%  between  0  and  900  cm-1, 
and  to  within  10%  between  2300  and  2600  cm-1.  Thus  the 
uncorrected  relative  intensities  of  features  within  either 
of  these  ranges  are  correct  within  experimental  error. 

However,  between  3100  and  3500  cm-1  away  from  4880  or  5145  A 
excitation,  C(v)  increases  by  15  or  20%  respectively.  Thus 
data  within  this  range  must  be  corrected. 

It  is  further  concluded  from  Figure  3.2  that  the  value 
of  the  correction  function  is  ~1.0  at  900  cm-1,  ~1.1  at  2400 

-  1  _  1  O 

cm  and  ~1.35  at  3300  cm  for  4880  A  excitation,  but  ~1.4 
at  2400  cm  ^  and  ~1.9  at  3300  cm  ^  for  5145  A  excitation. 
Therefore  the  intensity  of  scattering  by  the  O-D  or  O-H 
stretching  vibrations  relative  to  that  by  the  lattice  vibra¬ 
tions  must  be  corrected. 

The  figures  reported  in  Section  3.5  have  not  been 
corrected  for  the  instrument  response,  but  corrections  that 
are  larger  than  15%  have  been  applied  to  the  relative  inten¬ 
sities  reported  in  the  tables  of  Section  3.5. 
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3.5  The  Raman  Spectra  of  Ice  II  and  Ice  IX 

The  Raman  spectra  of  H20  and  D^O  ices  II  and  IX  between 
35  and  100  K  at  atmospheric  pressure  are  reported  in  this 
section.  The  features  of  the  spectra  are  assigned  to  O-H  or 
0-D  stretching  vibrations,  H-O-H  or  D-O-D  bending  vibrations, 
rotational  lattice  vibrations,  and  translational  lattice 
vibrations  based  on  the  ratios  of  the  frequencies  of  the 
corresponding  features  of  the  H20  and  D^O  ice,  i.e.  on  the 
isotope  ratio,  and  on  the  previous  assignments  for  other  ices 
(Section  1.5) .  The  strongest  Raman  band  of  each  of  the  four 
ices  lay  between  3100  and  3500  cm"1  for  the  H20  ices  and 
between  2300  and  2600  cm  1  for  the  D20  ices.  This  band  is 
assigned  to  the  O-H  and  O-D  stretching  vibrations.  A  series 
of  weaker  and  sharper  peaks  was  observed  between  30  and  325 
cm  for  each  ice  and  is  assigned  to  the  translational  vibra¬ 
tions.  A  much  weaker  series  of  peaks  of  various  widths  was 

observed  between  480  and  900  cm  1  in  the  spectra  of  the  H20 

ices  and  between  350  and  700  cm  1  in  the  spectra  of  the  D20 

ices,  and  is  assigned  to  the  rotational  vibrations.  Weak 
scattering  that  was  observed  between  1000  and  2000  cm"1,  but 
is  not  reported  here  because  of  its  non-reproducibility,  is 
likely  due  to  the  H-O-H  bending  vibrations. 

The  spectra  changed  little  between  35  and  100  K.  The 
most  pronounced  effects  were  small  frequency  shifts  and  a 
sharpening  of  features  as  the  temperature  decreased,  so  that 
the  weaker  features  were  better  defined  and  the  components 
of  the  closely-spaced  doublets  were  better  resolved  at  lower 


115 


temperatures.  Therefore  the  spectrum  of  each  of  the  ices  is 
summarized  for  a  sample  temperature  of  35  K,  the  lowest 
temperature  attained,  and  the  temperature  dependence  of  the 
frequency  and  half-width  of  the  well-defined  features  is 
given  in  separate  tables,  with  the  other  features  expected  to 
behave  similarly.  The  relative  intensities  of  the  features 
are  tabulated  for  a  crushed  sample.  The  spectra  of  ice  II 
presented  in  the  figures,  however,  are  largely  of  uncrushed 
samples  that  are  believed  to  be  near-single  crystals. 

The  Raman  spectra  of  H20  and  D20  ice  II  are  shown  in 
Figures  3.3,  3.4  and  3.5,  and  are  summarized  for  a  sample 
temperature  of  35  K  in  Table  3.2.  The  corresponding  features 
in  the  spectra  of  the  two  isotopic  species  are  usually  readily 
identified.  Exceptions  to  this  are  the  highest  frequency 
features  due  to  the  0-H  and  0-D  stretching  vibrations,  but 
these  features  can  be  related  with  the  aid  of  the  polarized 
spectra  of  near-single  crystals,  which  are  reported  later  in 
this  section. 

Seven  features  are  assigned  to  0-H  or  0-D  stretching 
vibrations  of  ice  II  (Table  3.2).  Between  35  and  100  K  the 
frequencies  increased  by  *0.2%,  as  shown  in  Table  3.3  and 
Figure  3.6,  and  the  half-widths  increased  by  *30%,  as  shown 
in  Table  3.3.  As  a  result  of  this  broadening,  the  bands  of 
the  D20  doublet  at  2476/2486  cm”^  became  unresolvable  above 
-80  K.  The  features  were  underlain  by  very  broad,  weak  Raman 
scattering  that  extended  from  -3000  (2220)  to  -3700  (2700) 
cm”^  for  H20  (D20)  ice  II  at  90  K. 
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Figure  3.3  Raman  spectra  of  0-H  and  0-D  stretching 

vibrations  of  ice  II  crystals  (H20  and  upper 
curve  for  D20)  and  powder  (lower  curve  for  D20) 
under  Y(Z,Z+Y)X  scattering  geometry.  The  sample 
temperature,  resolution  and  exciting  line  are 
shown.  Features  marked  G  are  due  to  grating 
ghosts . 


RAMAN  INTENSITY 


AZ// cm*' 


Figure  3.4  Raman  spectra  of  rotational  lattice  vibrations 

of  ice  II  crystals  under  Y(Z,Z+Y)X  scattering 
geometry.  The  sample  temperature,  resolution 
and  exciting  line  are  shown. 
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Figure  3.5  Raman  spectra  of  translational  lattice  vibrations 

of  ice  II  crystals  under  Y(Z,Z+Y)X  scattering 
geometry.  The  sample  temperature,  resolution 
and  exciting  line  are  shown.  The  feature 
marked  Ar+  is  due  to  an  argon  ion  plasma  line. 
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Table  3.2  Features  of  the  Raman  scattering  by  ice  II  at  35  K.1 


h2° 


D2° 


Intensity 


Intensity 


v/cm 

height 

area 

FWHMC/cm_1 

V/cm  ^ 

height 

area 

FWHMC/cm 1 

V  /v 

On  OD 

Assignment 

3465(10) 

10 

i 

br.  sh. 

1.369 

V. (A  )  + vq(E  ) 

3400(5) 

19 

r 

>20 

2530.5(1.5) 

13 

26 

1.344(3) 

1  g  9  g 

3340 

35 

1 

sh 

2475.9(1) 

48 

1 

<10 

1.349(3) 

V„(A  ) 

3306.0(0.4) 

64 

[  60 

1 

29 

2486.1(1) 

46 

Iso 

<10 

1.3296(7) 

2  g 

V,  (E  ) 

j 

10  g 

2445(5) 

15 

sh 

V,  ,  (E  ) 

11  g 

3270 

21 

2420(5) 

11 

sh 

1.351(3) 

V,_(E  ) 

12  g 

■3225 

vw 

31 

2380(5) 

<18 

sh 

1.355(3) 

V.  (A  ) 

3  g 

3188.8(0.4) 

100 

100 

2349.8(0.4) 

100 

100 

19 

1.3571(4) 

v.  (A  ) 

4  g 

~950 

-10 

-5 

-695 

VW 

br 

1.37 

A  ? 

-845? 

-5 

sh 

-620 

vw 

1.36 

y 

(A  ?) 

R  g 

"775 

-15 

36110 

-575 

15 

25 

12 

1.348 

VfE  (+A  ?) ) 

R  g  g 

544 

sh 

VR 

530.3(0.5) 

55 

100 

12 

1.349(2) 

V  (E  ) 

714.8(0.5) 

40 

85 

22 

R  g 

518.8 (0.5) 

35 

50 

12 

1.378(2) 

V  (A  ) 

R  g 

685 

-15 

sh 

VR 

648.1(0.5) 

7 

5 

8 

482.9(0.5) 

15 

15 

5 

1.342(2) 

w 

617.0(0.5) 

13 

8 

6.7 

452.6(0.5) 

20 

25 

7 

1.363(3) 

w 

597(0.7) 

6 

7 

7^5 

438(0.6) 

15 

10 

6*3 

1.363(4) 

w 

572.6(0.5) 

23 

15 

4>j 

418.6(0.5) 

45 

40 

4h 

1.368(3) 

V  (E  (+A  ?)) 

R  g  g 

495.2  (0.5) 

100 

4 

360.0(0.4) 

100 

1.376(3) 

V_(A  ) 

489.0(0.5) 

100  I 

100 

3.7 

-357(1.0) 

100 

7*5 

1.370(5) 

R  g 
\>(E  ) 

J 

J 

R  g 

322.1(1.0) 

<5 

10 

310(1.0) 

5 

8 

6 

1.039(7) 

VV+Ag?)) 

272.8  (0.4) 

<5 

6 

V  ( A  ) 

T  g 

268.2(0.3) 

20 

25 

5h 

257.1(0.4) 

20 

35 

5>5 

1.043(3) 

V  (E  ) 

T  g 

262 

5 

sh 

245 

2 

sh 

VT 

199.8(0.3) 

35 

37 

2.7 

194.6(0.4) 

35 

50 

2h 

1.027(4) 

) 

T  g 

186.5(0.3) 

20 

20 

2h 

181.9(0.4) 

20 

20 

2h 

1.025(4) 

VT(E  (+A  ?)) 

151.5(0.3) 

100 

100 

2 

147.5(0.4) 

100 

100 

lh 

1.026(5) 

V„(E  ) 

T  g 

104(1.0) 

20 

20 

<3 

100.2  (0.4) 

30 

20 

1.04(1) 

V  (E  (+A  ?)) 

T  n  n 

71.6(0.3) 

45 

35 

1.7 

69.1(0.4) 

50 

30 

lh 

1.035(10) 

w 

The  uncertainty  in  the  last  place  is  in  parentheses. 

Intensities  for  polycrystalline  samples,  measured  as  the  heights  or  areas  of  the 
features  above  the  scattering  to  either  side  of  the  feature,  relative  to  the 
strongest  peak  in  each  region  as  100. 

Full  width  at  half-maximum  intensity,  measured  or,  for  imperfectly  resolved  bands, 
estimated.  Slit  width  was  2  cm  *  for  bands  due  to  O-H  or  O-D  stretching 
vibrations  and  rotational  vibrations;  1  cm  ^  for  bands  due  to  translational 
vibrations.  Units  are  cm  ^ . 
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Table  3.3 

Temperature  dependence  of  the  frequencies  and  half-widths 
of  the  well-defined  features  in  the  Raman  spectra  of  ice  II. 


V0H(H2°» 

VH20) 


vt(h2o) 


Frequencies  (half-widths) /cm' 


10  KT 

35 

K 

60  K 

80  K 

100 

K 

3305.8 

3306.0 

(29) 

3307.0  (32) 

3309.1  (39) 

3313.0 

(48) 

3188.7 

3188.8 

(31*5) 

3189.8  (33.7) 

3191.9  (38) 

3195.4 

(42*3) 

715.6 

714.8 

(22) 

713.8 

712.6 

711.2 

(27) 

649.6 

648.1 

(8) 

646.2 

644.5 

642.7 

(m) 

618.4 

617.0 

(6.7) 

515.0 

613.0 

610.9 

(9*5) 

573.4 

572.6 

(4*0 

571.2 

569.4 

567.4 

(7) 

495.8 

495.2 

(4) 

491.5 

490.8 

489.8 

(5^) 

490.0 

489.0 

(3.7) 

487.7 

486.2 

484.0 

(5.7) 

322.5 

322.1 

(6*3) 

321.5 

320.8 

319.9 

(10) 

268.4 

268.2 

(5*s) 

267.8 

267.4 

266.7 

(7%) 

199.9 

199.8 

(2.7) 

199.5 

199.2 

198.9 

(4ia) 

186.7 

186.5 

(2*s) 

186.3 

186.0 

185.6 

(3^) 

152.0 

151.5 

(2) 

150.0 

150.3 

149.7 

(3*5) 

~104 

-103.8 

( <3 ) 

103.4 

102.9 

102.4 

(3) 

71.6 

71.6 

(1.7) 

71.6 

71.6 

71.6 

(2*0 

V0D<D2> 


VD2°> 


vt(d2o) 


2484.4 

p 

2486.1 

(<10) 

2487.8 

2489.1 

2490.4 

2481.3 

2481.4' 

c 

2482.1C 

2483.6° 

2486. 5' 

c 

2474.6 

2475.9 

(<10) 

2477.2 

2478.2 

2479.3 

2349.6 

2349.8 

(18*5) 

2350.6  (20) 

2352.3  (21*5) 

2354.9 

(22*5) 

531.0 

530.3 

(12) 

529.5 

528.7 

527.8 

(14) 

519.8 

518.8 

(12) 

517.5 

516.4 

515.1 

(14*5) 

484.2 

482.9 

(5) 

481.5 

480.2 

478.8 

(8.7) 

453.7 

452.6 

(7) 

451.3 

450.1 

448.6 

(9) 

419.8 

418.6 

(4*5) 

417.4 

416.2 

414.8 

(6*5) 

360.7 

360.0 

(~5*a) 

358.8 

357.7 

356.2 

(5*3?) 

257.3 

257.1 

(5*5) 

257.0 

256.9 

256.8 

(6.7) 

194.9 

194.6 

(2*5) 

194.1 

193.6 

192.9 

(4*3) 

182.4 

181.9 

(2*5) 

181.4 

180.8 

180.0 

(3*5) 

148.2 

147.5 

( 1*5  ) 

146.9 

146.2 

145.6 

(3) 

100.4 

100.2 

(1*5) 

100.2 

99.8 

99.6 

(2) 

69.2 

69.1 

(1*5) 

69.0 

68.9 

68.8 

(2) 

a 

The  frequencies  are  believed  accurate  to  ±0.5  cm  ,  except  for  the 
components  of  the  doublet  (2476/2486)  of  D20  ice  II  which  are  believed 
accurate  to  ±1  cm-1.  The  half-widths  are  believed  accurate  to  ±10%. 

b 

Frequencies  obtained  by  extrapolation. 

C 

These  frequencies  are  the  center  of  the  partially  resolved  doublet. 
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Figure  3.6  The  temperature  dependence  of  the  frequencies 

of  the  well-defined  Raman  features  due  to  the 
0-H  and  0-D  stretching  vibrations  of  ice  II. 

The  triangles  indicate  frequencies  obtained 
with  single  measurements.  The  error  bars 
represent  the  average  of  ten  to  thirty 

measurements  +  one  standard  deviation.  The  D~0 

-1  Z 
curve  at  2481  cm  at  0  K  is  for  the  average 

frequency  of  the  observed  doublet. 
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Ten  features  in  the  Raman  spectrum  of  H20  ice  II  and 
eleven  features  in  the  spectrum  of  D2<D  ice  II  are  assigned  to 
rotational  vibrations  (Table  3.2).  Between  35  and  100  K 
their  frequencies  decreased  by  -1%  (Table  3.3  and  Figure  3.7), 
and  their  half-widths  increased  by  -25%  (Table  3.3).  The 
H20  doublet  at  489/495  cm-1  was  resolved  between  35  and  100  K 
but  the  corresponding  D20  doublet  at  357/360  cm-1  was  not 
resolved  above  65  K. 

Eight  features  in  the  spectrum  of  H20  ice  II  and  nine 
features  in  the  spectrum  of  D20  ice  II  are  assigned  to 
translational  vibrations  (Table  3.2).  Between  35  and  100  K 
their  frequencies  decreased  by  0.5  to  1%  (Table  3.3  and 
Figure  3.8)  and  their  half-widths  increased  by  ~50%  (Table 
3.3).  The  weak  D20  feature  at  272  cm-1  was  well-defined, 
particularly  in  the  spectra  of  single  crystals  with  polarized 
but  the  corresponding  H20  feature  was  not  observed. 

Taylor  and  Whalley97  observed  four  peaks,  at  3314,  3194, 
261  and  151  cm  1,  in  the  spectrum  of  H20  ice  II  and  three 
peaks,  at  2489,  2353  and  146  cm  ^ ,  in  the  spectrum  of  D20  ice 
II,  at  77  K.  Thus  they  saw  the  most  intense  peaks  found  in 
this  work,  except  for  those  that  must  have  been  hidden  by  a 
mercury  line  at  186  cm-1.97 

The  relative  intensities  of  the  spectral  features  of 
D2°  ice  II,  and  to  a  lesser  extent  of  H20  ice  II,  varied 
markedly  when  uncrushed  samples  were  examined;  they  varied 
with  the  sample,  with  the  position  of  the  sample  in  the  beam, 
and  with  the  polarization  of  the  exciting  light.  In  contrast. 
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Figure  3.7  The  temperature  dependence  of  the  frequencies 

of  the  well-defined  Raman  features  due  to  the 
rotational  vibrations  of  ice  II.  The  triangles 
indicate  frequencies  obtained  with  single 
measurements.  The  error  bars  represent  the 
average  of  twelve  to  thirty-two  measurements 
±  one  standard  deviation. 
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Figure  3.8  The  temperature  dependence  of  the  frequencies 

of  the  well-defined  Raman  features  due  to  the 
translational  vibrations  of  ice  II.  The 
triangles  indicate  frequencies  obtained  with 
single  measurements.  The  error  bars  represent 
the  average  of  five  to  twenty  measurements 
±  one  standard  deviation. 
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the  spectra  of  crushed  samples  were  independent  of  the  sample, 
its  position  in  the  beam  and  the  polarization.  Thus  the 
uncrushed  samples  contained  single  crystals  of  sufficient 
size  to  yield  polarization  data.  The  qualitative  usefulness 
of  this  can  be  seen  in  Figure  3.3,  where  the  shoulders  at 
2420  and  2445  cm  are  barely  visible  in  the  spectrum  of  the 
powder  but  are  well  defined  in  the  spectrum  of  the  crys¬ 
tal.  The  differences  between  spectra  of  uncrushed  samples 
recorded  with  different  polarizations  of  the  incident  and 
scattered  light  were  sometimes  even  more  informative,  and  are 
reported  next.  The  scattering  geometries  are  denoted  by  the 
Porto  notation,121  Y(aB)X,  where  Y  and  X  are  the  propagation 
directions  of  the  incident  and  collected  light  and  a  and  6 
are  their  respective  polarizations,  with  reference  to  orthog¬ 
onal  laboratory  axes.  In  this  work  a  is  either  Z  or  X  while 
6  is  Z  or  Y,  or  Z  + Y  when  the  polarization  of  the  collected 
light  was  not  analyzed. 

The  spectra  of  D20  ice  II  under  Y(Z,Z  +Y)X  and 
Y (X , Z  +  Y ) X  polarizations  are  shown  in  Figures  3.9,  3.10  and 
3,11  for  the  O-D  stretching  vibrations,  the  rotational  vibra¬ 
tions,  and  the  translational  vibrations.  The  spectra  in 
Figures  3.9  and  3.11  were  recorded  on  one  sample  at  one  orien¬ 
tation.  The  sample  was  unavoidably  moved  before  the  spectra 
of  Figure  3.10  were  recorded,  but  was  realigned  to  nearly 
reproduce  the  spectra  of  Figure  3.11  before  Figure  3.10  was 
recorded.  Thus  the  orientation  of  the  sample  for  Figure  3.10 
is  believed  to  be  very  close  to  that  for  Figures  3.9  and  3.11. 
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Figure  3.9  Raman  spectra  of  the  0-D  stretching  vibrations 

of  a  single  crystal  of  D2O  ice  II  under 
different  polarizations.  The  sample  temperature, 
resolution,  and  exciting  wavelength  are  shown. 
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Figure  3.10  Raman  spectra  of  the  rotational  lattice 

vibrations  of  a  single  crystal  of  D2O  ice  II 
under  different  polarizations.  The  sample 
temperature,  resolution,  and  exciting  wavelength 
are  shown. 
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Figure  3.11  Raman  spectra  of  the  translational  lattice 

vibrations  of  a  single  crystal  of  D20  ice  II 
under  different  polarizations.  The  sample 
temperature,  resolution,  and  exciting  wavelength 
are  shown. 
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The  sample  was  clearly  a  near— single  crystal  since  nearly 
complete  extinction  of  some  spectral  peaks  was  seen  when  the 
polarization  of  the  incident  light  was  rotated  by  90°.  The 
spectra  were  not  examined  with  the  analyzer  and  therefore 
the  information  that  is  obtained  is  potentially  ambiguous. 
Nevertheless,  under  the  two  polarizations  of  the  incident 
light  many  of  the  features  exhibited  one  of  two  behaviours. 
Thus  the  features  at  2476,  2380,  2350,  519,  483,  438,  360, 
273,  and  195  cm  1  were  strongest  under  Z,Z  +Y  polarization 
but  weak  or  nearly  extinguished  under  X,Z  +Y.  In  contrast 
the  features  at  2531,  2486,  2445,  2420,  575,  530,  453,  419, 
357,  310,  257,  182,  148  and  69  cm  1  were  either  equally 
intense  under  all  polarizations,  or  were  more  intense  under 
X,Z  +  Y  polarizations.  The  features  at  695  and  620  cm"1  were 
too  weak  to  be  classified,  and  the  feature  at  100  cm"1  was 
only  slightly  weaker  under  X,Z  +  Y  and  so  did  not  fall  into 
either  classification.  It  should  be  noted  that  the  shape  of 
the  feature  at  2531  cm  1  is  slightly  different  under  the  two 
polarizations  (Figure  3.9).  The  spectra  that  are  presented 
represent  the  most  definitive  polarization  data  that  was 
obtained  for  D2O  ice  II.  All  of  the  other,  less  definitive, 
polarization  data  also  indicated  the  result  that  is  clear 
from  Figures  3.9,  3.10  and  3.11. 

The  polarized  spectra  of  the  O-H  stretching  vibrations 
and  of  the  rotational  lattice  vibrations  of  H20  ice  II  are 
shown  in  Figures  3.12  and  3.13.  A  different  sample  was  used 
for  each  region.  It  is  clear  from  these  spectra  that  the 
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Figure  3.12  Raman  spectra  of  the  0-H  stretching  vibrations 

of  a  single  crstal  of  H20  ice  II  under 
different  polarizations.  The  sample  temperature, 
resolution  and  exciting  wavelength  are  shown. 
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Figure  3.13  Raman  spectra  of  the  rotational  lattice 

vibrations  of  a  single  crystal  of  I^O  ice  II 
under  different  polarizations.  The  sample 
temperature,  resolution  and  exciting  wavelength 
are  shown. 
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features  at  3189,  648,  597  and  495  cm-1  are  strongest  under 
parallel  (ZZ)  polarization,  while  the  features  at  617,  489, 
and,  possibly,  573  cm'1  are  strongest  under  the  perpendicular 
polarizations.  Somewhat  ambiguous  behaviour  was  observed  for 
the  peak  at  3306  cm  1  but  there  seems  little  doubt  that  it 
is  perpendicularly  polarized.  No  useful  polarization  data 

were  obtained  for  the  translational  lattice  vibrations  of 
H^O  ice  II. 

The  polarized  spectra  of  ice  II  were  often  of  marginal 
quality,  mainly  because  the  conditions  of  good  extinction, 
which  indicated  that  the  sample  was  a  near-single  crystal, 
were  met  largely  by  chance.  Definitive  polarized  Raman 
spectra  would  be  recorded  with  an  analyzer,  and  the  orienta¬ 
tion  of  the  crystal  axes  with  respect  to  the  laboratory 
axes  would  be  known.  The  spectra  would  also  be  corrected 
for  the  convergence  error,90  which  causes  light  of  the  wrong 
polarization  to  appear  in  a  spectrum  and  is  caused  by  the 
focussing  of  the  laser  beam  on  the  sample  and  by  the  finite 
collection  aperture.  Clearly  the  spectra  of  Figures  3.9 
1'(“l  3 ^ 3  are  not  definitive,  but  they  are  the  best  that  were 
recorded  and  a  good  deal  of  useful  information  can  still  be 
obtained  from  them. 

The  Raman  spectra  of  H20  and  D20  ice  IX  are  shown  in 
Figures  3.14,  3.15,  and  3.16,  and  are  summarized  for  35  K  in 
Table  3.4.  The  corresponding  features  in  the  spectra  of  H20 
and  D20  ice  IX  are  readily  identified  in  all  three  regions 
of  the  spectra.  Unlike  the  case  of  ice  II,  the  relative 
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Figure  3.14  Raman  spectra  of  the  0-H  and  0-D  stretching 

vibrations  of  polycrystalline  ice  IX  under 
Y(Z,Z+Y)X  scattering  geometry.  The  sample 
temperature,  resolution,  and  exciting  wavelength 
are  shown.  Features  marked  G  are  due  to 
grating  ghosts. 
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Figure  3.15  Raman  spectra  of  the  rotational  vibrations  of 

polycrystalline  ice  IX  under  Y(Z,Z+Y)X 
scattering  geometry.  The  sample  temperature, 
resolution,  and  exciting  wavelength  are  shown. 
Features  marked  S  are  spurious. 
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Figure  3.16  Raman  spectra  of  the  translational  vibrations 

of  polycrystalline  ice  IX  under  Y(Z,Z+Y)X 
scattering  geometry.  The  sample  temperature, 
resolution,  and  exciting  wavelength  are  shown. 
Features  marked  s  are  spurious. 
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Table  3.4 


Features  of  the  Raman  scattering  by  ice  IX  at  35  K. 


a 


h2° 


d2° 


Intensity 

-1  c  -1 

V/cm  heights  area  FWHM  /cm 


Intensity 

-1  c  _i 

v/cm  height  area  FWHM  /cm 


v  /v 
OH  OD 


Assignment 


3440(5) 

10  ] 

1 

br.  sh. 

2513(1) 

9 

>15 

1.369(3) 

1 v  1'  *  7  v  l;  1 

40 

v10(B2).Vi3(E) 

3360 (5) 

17  J 

1 

>40 

2492(3) 

9 

sh 

1.348  (4) 

v14(E> 

V„ (B, ) ,V, ,  (B.  )  , 

3274.0(0.4) 

70  1 

50 

201, 

2454.0(0.4) 

85 

50 

10 

1.3342  (4) 

8  1  11  2 

V15(E)'V16(E) 

3151.2  (0.4) 

100  100 

31 

2325.4  (0.4) 

100 

100 

17 

1.3552  (4) 

VV 

885 

15 

25 

21 

650 

15 

55 

35 

1.362 

820 

15 

50 

45 

605 

10 

25 

22 

1.355 

VE) 

717(1.5) 

15 

40 

30 

531 

20 

25 

9>, 

1.350(5) 

VR 

679.7(0.8) 

80 

95 

16 

510.3(0.3) 

95 

105 

9% 

1.332(2) 

VR 

664.7(0.7) 

100  100 

13 

490.9(0.3) 

100 

100 

8 

1.354  (2) 

VE?> 

632(1.5) 

15 

10 

91, 

462(3) 

10 

10 

1014 

1.37(1) 

VR 

604.4(0.5) 

35 

30 

101, 

444.9(0.6) 

35 

40 

10 

1.358(3) 

Vr(E) 

574.6(0.4) 

12 

8 

81, 

418.5(0.6) 

15 

10 

6>, 

1.373(3) 

VR 

565(1) 

12 

8 

8>, 

411.0(0.6) 

15 

10 

6»3 

1.375(4) 

Vr(E) 

539.8(0.3) 

20 

10 

61, 

392(1.5) 

20 

20 

8 

1.377(6) 

VE) 

519.2  (0.4) 

100 

35 

5 

378.4(0.5) 

100 

55 

4>, 

1.372(3) 

VR 

310(1) 

5 

10 

10 

297(1) 

5 

13 

10 

1.044  (7) 

VE> 

245  (0.4) 

10 

15 

5>, 

234.3(0.5) 

7 

6 

3 

1.045(4) 

VT 

209.6 (0.3) 

65 

80 

3>, 

204.2(0.3) 

80 

80 

3  >5 

1.026(3) 

vt(e) 

195.4  (0.3) 

10 

sh 

189.6(0.3) 

20 

sh 

1.031(3) 

VT 

186.8(0.3) 

100  10b 

3h 

184.2(0.3) 

100 

100 

3>, 

1.014(3) 

VT 

179(0.3) 

20 

13 

2«, 

173.6(0.3) 

15 

12 

21, 

1.031(4) 

VT 

103.0(0.3) 

90 

45 

1*3 

99.0(0.3) 

60 

37 

2 

1.040(6) 

VT 

87.0(0.3) 

15 

10 

3 

84.9(0.3) 

10 

10 

4 

1.025(7) 

VT 

76.6  (0.3) 

45 

18 

1** 

74.4(0.3) 

30 

20 

2 

1.030(8) 

VT 

73.5(0.4) 

90 

50 

2 

71.0(0.3) 

65 

45 

2h 

1.035 (10) 

VE) 

35.6(0.4) 

20 

8 

l*a 

34.3(0.3) 

15 

10 

3? 

1.04(2) 

VT 

The  uncertainty  in  the  last  place  is  in  parentheses, 
b 

Intensities  for  polycrystalline  samples,  measured  as  the  heights  or  areas  of  the 
features  above  the  scattering  to  either  side  of  the  feature,  relative  to  the 
strongest  peak  in  each  region  as  100. 
c 

Full  width  at  half-maximum  intensity,  measured  or,  for  imperf ectly  resolved  bands 

_1  ' 
estimated.  Slit  width  was  2  cm  for  bands  due  to  O-H  or  O-D  stretching 

vibrations  and  rotational  vibrations;  1  cm  for  bands  due  to  translational 

vibrations.  Units  are  cm  k 
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intensities  m  the  spectra  of  ice  IX  were  virtually  indepen¬ 
dent  of  the  sample  orientation  and  the  polarization  of  the 
laser  so  the  samples  of  ice  IX  were  clearly  polycrystalline. 

Four  features  are  assigned  to  0-H  or  0-D  stretching 
vibrations  (Table  3.4).  Between  35  and  100  K  their  frequen¬ 
cies  increased  by  -0.2%  as  shown  in  Table  3.5  and  Figure  3.17 
for  the  two  prominent  features,  whose  half-widths  increased 
by  30  to  50%  (Table  3.5).  The  features  were  underlain  by  weak 
Raman  scattering  that  extended  from  3000  (2220)  to  3650  (2850) 
cm  1  for  H20  (D20)  ice  IX  at  90  K. 

Eleven  features  are  assigned  to  rotational  vibrations 
(Table  3.4).  Between  35  and  100  K,  the  frequencies  of  the 
main  features  decreased  by  1%  (Figures  3.18  and  Table  3.5). 
The  weak  H20  doublet  at  565/575  cm"1  usually  appeared  as  a 
single  broad  band  above  50  K,  while  the  corresponding  D20 
doublet  at  411/419  cm  1  (Figure  3.15)  was  split  even  at  90  K. 
Similarly  the  H 2 0  doublet  at  664/679  cm  1  was  barely  resolved 
above  60  K,  while  the  corresponding  D20  doublet  at  491/510 
cm  1  was  well  resolved  even  at  100  K. 

Eleven  features  are  assigned  to  the  translational  vibra¬ 
tions  of  ice  IX  (Table  3.4).  Between  35  and  100  K,  their 
frequencies  decreased  by  -1%  (Table  3.5  and  Figure  3.19)  and 
their  half-widths  increased  by  ~30%  (Table  3.5).  The  split¬ 
ting  of  the  doublet  at  74/77  cm  1  (71/74  cm-1  for  the  D20) 
was  strongly  dependent  on  the  spectral  slit  width,  with  the 
features  being  unresolved  with  a  slit  width  of  2  cm-1  but 
resolved  with  slit  widths  of  1  cm  1  or  less. 
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Table  3.5 

Temperature  dependence  of  the  frequencies  and  half-widths 
of  the  well-defined  features  in  the  Raman  spectra  of  ice  IX. 


Frequencies  (half-widths)  /cm 


V0H(H2°> 

10  Kb 

35 

K 

60 

K 

80 

K 

100 

K 

3273.9 

3274.0 

(20*j) 

3275.2 

(22.7) 

3277.5 

(26.7) 

3280.9 

(31) 

3149.9 

3151.2 

(31) 

3152.7 

(33) 

3155.9 

(37*5) 

3161.0 

(42) 

VH2°> 

681.4 

679.7 

(16) 

677.1 

674.6 

672 

(18) 

666 . 1 

664.7 

(13) 

662 . 8 

660.4 

657 

(17) 

605.9 

604.4 

(10) 

601.7 

599.0 

595 

(12*5) 

520.0 

519.2 

(4*j) 

518.0 

516.0 

512.5 

(6) 

vt(h20) 

210.0 

209.6 

(3*5) 

209.1 

208.4 

207.3 

(6) 

187.2 

186.8 

(3*3) 

186.2 

185.6 

184.7 

(5) 

103.5 

103.0 

(1*5) 

102.3 

101.7 

100.8 

(2*3) 

76.7 

76.6 

(1*5) 

76.4 

76.2 

75.9 

(2) 

73.5 

73.5 

(2) 

73.3 

73.1 

72.8 

(2*5) 

V0D(D2°> 

2453.7 

2454.0 

(10) 

2454.9 

(ID 

2456.1 

(12*5) 

2457.6 

(14) 

2325.0 

2325.4 

(17) 

2326.8 

(18*3) 

2328.7 

(20) 

2330.9 

(22) 

VD2°> 

510.8 

510.3 

(9*s) 

509.2 

507.5 

504.3 

(15) 

492.2 

490.9 

(8) 

489.2 

487.8 

485.8 

(13*5) 

445.9 

444.9 

(9*5) 

443.7 

442.5 

441.0 

(12) 

378.8 

378.4 

(4*5) 

377.7 

376.7 

374.9 

(6.7) 

VTD2°> 

234.5 

234.3 

(3) 

233.7 

232.7 

230.5 

(4*5) 

204.6 

204.2 

(3*5) 

203.7 

203.0 

202.0 

(4*5) 

184.5 

184.2 

(3*3) 

183.8 

183.2 

182.4 

(4*5) 

99.2 

99.0 

(2) 

98.6 

98.0 

97.0 

(2*5) 

74.5 

74.4 

(2) 

74.2 

73.9 

73.6 

(2*5) 

71.1 

71.0 

(2*5) 

70.9 

70.6 

70.2 

(3) 

The  frequencies  are  believed  accurate  to  ±0.5  cm”1.  The  half-widths  are 
believed  accurate  to  ±10%. 

> 

Frequencies  obtained  by  extrapolation. 


l.uo/^v 
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Figure  3.17  Temperature  dependence  of  the  frequencies  of 

the  well-defined  Raman  features  due  to  the  0-H 
and  0-D  stretching  vibrations  of  ice  IX.  The 
triangle  indicates  a  frequency  obtained  with  a 
single  measurement.  The  error  bars  represent 
the  average  of  six  to  twenty-four  measurements 
±  one  standard  deviation. 


A  V  /  cm'l 
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Figure  3.18  Temperature  dependence  of  the  frequencies  of 

the  well-defined  Raman  features  due  to  the 
rotational  vibrations  of  ice  IX.  The  error 
bars  represent  the  average  of  nine  to  twelve 
measurements  ±  one  standard  deviation. 


AZ//cm*1 
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Figure  3.19  Temperature  dependence  of  the  frequencies  of 

the  well-defined  Raman  features  due  to  the 
translational  vibrations  of  ice  IX.  A  triangle 
indicates  a  frequency  obtained  with  a  single 
measurement.  The  error  bars  represent  the 
average  of  six  to  twenty  measurements  ±  one 
standard  deviation. 
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Taylor  and  Whalley97  observed  two  peaks,  at  3281  and 
3159  cm  1,  in  the  spectrum  of  H20  ice  IX  and  three  peaks,  at 
2457,  2327  and  166  cm  1,  in  the  spectrum  of  D20  ice  IX,  at 
77  K.  Clearly  the  strongest  peak  due  to  the  translational 
vibrations  (Table  3.4),  at  183  cm  1  at  80  K  (Table  3.5),  must 
have  been  masked  in  their  spectra  by  the  mercury  emission  at 
186  cm  1.97  Their  peak  reported  at  166  cm  1  97  must  have 
been  an  artifact  of  this  mercury  emission  or  of  the  noise  on 
their  spectrum. 

All  of  the  features  that  are  reported  here  for  ice  II 
and  ice  IX  (Tables  3.2  and  3.4)  were  observed  at  all  tempera¬ 
tures  between  35  and  100  K,  and  there  is  no  doubt  of  their 
existence.  Other,  very  weak  features  may  exist,  particularly 
due  to  rotational  lattice  vibrations  which  scatter  weakly  and 
typically  had  low  signal-to-noise  ratios.  Any  undetected 
feature  due  to  translational  vibrations  must  either  be 
unresolved  at  35  K  or  must  have  a  height  that  is  less  than 
0.01  of  the  height  of  the  peak  at  152  cm  1  of  f^O  ice  II  or 
at  187  cm  1  of  H^O  ice  IX,  or  less  than  0.02  of  the  height 
of  the  corresponding  peak  of  the  D20  ices. 

The  intensity  of  the  scattering  in  each  region  of  the 
Raman  spectra  of  ices  II  and  IX  relative  to  that  of  the  O-H 
or  O-D  stretching  region,  corrected  for  the  instrument 
response,  is  given  in  Table  3.6.  The  relative  areas  are 
independent  of  temperature  between  40  and  100  K  within  exper¬ 
imental  error.  Further,  the  intensity  of  scattering  by  the 
translational  lattice  vibrations  and  by  the  rotational 
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Table  3.6 

Relative  intensities  of  the  Raman  scattering  due  to  the  0-H  or  0-D 
stretching  vibrations,  the  translational  vibrations  and  the 

rotational  vibrations  of  ice  II. 


Relative  areas 

Relative  heights  (peak 

frequency/cm 

VOH/OD  VT  VR 

VOH/OD  VT 

VR 

H2° 

ice 

II 

100 

7.3 

3.0 

100 

(3189) 

50 

(152) 

8.9 

(492) 

D2° 

ice 

II 

100 

7.3 

3.3 

100 

(2350) 

30 

(148) 

4.4 

(358) 

H2° 

ice 

IX 

100 

7.5 

2.3 

100 

(3151) 

39 

(187) 

4.1 

(519) 

d2° 

ice 

IX 

100 

8.3 

3.2 

100 

(2325) 

22 

(184) 

2.4 

(378) 
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lattice  vibrations  is  7.6  ±  1.2  %  and  3.0  ±  0.7  %  respectively 

of  that  of  the  O-H  or  O-D  stretching  vibrations  for  all  four 
ices . 

The  relative  heights  of  the  strongest  features  in  each 
region  are  also  given  in  Table  3.6,  since  these  are  more 
easily  compared  visually  than  are  relative  areas.  It  must  be 
noted,  however,  that  it  is  the  area  and  not  the  height  of  a 
feature  that  is  of  theoretical  significance. 

The  baselines  used  to  obtain  the  intensities  reported 
in  Table  3.2,  3.4  and  3.6  were  found  by  interpolation  of  the 
scattering  to  either  side  of  the  overall  band  of  overlapping 
features.  This  was  sometimes  clearly  unsatisfactory  for  the 
rotational  vibrations  because  a  broad  and  non-reproducible 
band  frequently  underlaid  the  sharper  Raman  peaks  and  shoul¬ 
ders  .  Therefore  the  uncertainty  in  the  relative  areas  is 

-15%  for  the  O-H  or  O-D  stretching  vibrations  and  the  trans¬ 
lational  vibrations,  but  is  -20%  for  the  rotational  vibra¬ 


tions  . 


CHAPTER  FOUR 


DISCUSSION  OF  THE  RAMAN  SPECTRA  OF  THE 
O-H  AND  O-D  STRETCHING  VIBRATIONS  OF  ICE  II  AND  ICE  IX 

4.1  Introduction 

The  Raman  spectra  of  the  O-H  and  O-D  stretching  vibra¬ 
tions  of  ice  II  and  ice  IX  were  reported  in  Chapter  Three. 
Seven  features  were  observed  for  ice  II  and  four  for  ice  IX, 
and  there  was  a  weak,  broad  scattering  underlying  the  prom¬ 
inent  features  in  each  of  the  spectra.  The  relative  inten¬ 
sities  of  the  peaks  and  shoulders  are  independent  of  temper¬ 
ature  between  35  and  100  K,  which  supports  the  assignment  of 
these  features  to  fundamental  vibrations. 

In  Section  4.2  the  Raman  spectra  of  the  O-D  stretching 
vibrations  of  the  D20  ice  II  and  IX  are  assigned  from  the 
results  of  the  normal  coordinate  analyses  2  that  explained1'2 
the  infrared  spectra  of  these  ices,  and  the  polarized  spectra 
of  D20  ice  II  are  considered  in  light  of  this  assignment. 

The  spectra  of  the  H20  ices  II  and  IX  are  assigned  by  analogy. 
The  Raman  intensities  of  the  O-D  stretching  vibrations  have 
been  calculated  under  the  bond  polarizability  approximation 
and  are  reported  in  Section  4.3.  The  force  fields  used  in 
the  normal  coordinate  analyses  were  altered  to  correct  slight 
frequency  mismatches,  and  the  results  of  these  attempts  are 
discussed  in  Section  4.4.  The  effects  of  disorder,  longitu¬ 
dinal  optic-transverse  optic  splitting,  and  Fermi  resonance 
on  the  Raman  spectra  of  ices  II  and  IX  are  discussed  in 
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Section  4.5. 

4.2  Assignment  of  the  Raman  Spectra  of  the  0-H  and  0-D 

Stretching  Vibrations  of  Ice  II  and  Ice  IX 

Bertie  and  Bates1 ' 2  used  normal  coordinate  and  bond 
moment  calculations  to  interpret  the  infrared  spectra  of  the 
0-D  stretching  vibrations  of  deuterated  ice  II  and  ice  IX 
(Section  1.5).  The  normal  coordinates  were  described  in 
terms  of  the  symmetric,  v  ,  and  antisymmetric,  v3,  0-D 
stretching  displacements  of  the  twelve  water  molecules  in  the 
unit  cell  of  each  ice,  and  the  force  fields  were  constructed 
using  0-D  stretching  force  constants,  intramolecular  0-D, 0-D' 
interaction  constants,  and  nearest  neighbour  intermolecular 
0-D •••O' -D '  interaction  constants.  The  force  fields  that 
were  used  for  each  ice  differed  slightly  in  the  interaction 
constants.  The  frequencies  and  eigenvectors  were  calculated 
using  the  Wilson  GF  method,56  as  implemented  in  the  computer 
program  VSEC,122  and  the  relative  absorption  intensities  of 
the  vibrations  were  calculated  under  the  bond  moment  approx¬ 
imation,  1  2 3  ' 1 2 4  through  the  program  DMUDQ  written  by 
J.E.  Bertie.  The  details  of  these  calculations  are  found 
elsewhere . 1 ' 2 

The  vibrational  representation  of  the  0-D  stretching 

vibrations  of  ice  II  is  4A^  +  4A^  +  ^g  +  ^u  (Table  1*3),  with 

the  A  and  E  vibrations  infrared  active  and  the  A  and  E 
u  u  9  y 

vibrations  Raman  active.  The  vibrational  frequencies,  rela¬ 
tive  absorption  intensities,  and  eigenvectors  that  were 
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calculated  1 '2  for  D^O  ice  II  using  two  force  fields  are 
reproduced  in  Table  4 . 1  and  the  experimental  and  calculated 
spectra  are  compared  in  Figure  4.1.  The  effect  of  the  inter¬ 
action  constants  of  the  force  field  on  the  calculated  infra¬ 
red  spectrum  is  significant  (Table  4.1  and  Figure  4.1),  but 
the  results  demonstrate  that  the  spectrum  of  ice  II  is  char¬ 
acteristic  of  the  structure  and  not  of  the  force  field.  This 
result  was  also  found1'2  for  the  spectrum  of  ice  IX.  The 
intensity  distribution  and  features  of  the  spectrum  of  D^O 
ice  II  are  well  described  by  the  calculated  spectrum,  with 
the  most  serious  discrepancy  being  the  calculation  near  the 
observed  minimum  at  -2400  cm  1  of  an  intense  absorption  which 

io.  -1 

is  believed  '  to  contribute  to  the  peak  at  -2418  cm 

The  Raman  spectrum  of  D^O  ice  II,  which  was  not  well 
known  when  the  normal  coordinate  analysis  was  published,2 
must  also  be  explained  by  the  calculations.  The  seven 
features  that  were  observed  in  the  Raman  spectrum  can  be 
readily  assigned  as  in  Table  3.2  from  the  calculated1'2  fre¬ 
quencies  (Table  4.1).  From  the  eigenvectors  (Table  4.1),  it 

can  be  seen  that  v , (A  ),  the  vibration  to  which  the  intense 

4  g 

lowest-frequency  peak  is  assigned  (Table  3.2),  is  the 
in-phase  symmetric  O-D  stretching  vibration  of  ice  II,  an 
assignment  that  is  consistent  (Section  1.5)  with  that  of  the 
intense  lowest-frequency  peak  in  the  Raman  spectra  of  ice 
Ih,81'84  ice  VIII,101  and  amorphous  ice.125  This  assignment 
of  the  Raman  spectrum  (Table  3.2)  is  supported  by  the  polari¬ 
zation  data  for  D2<D  ice  II  (Figure  3.9,  p.  126)  in  which  the 
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Table  4.1 


The  calculated  frequencies,  infrared  and  Raman  relative  intensities, 
and  assignments,  of  the  k  =  0 ,  0-D  stretching  vibrations  of  ice  II  at  10  K 


Force  Field 

A3 

Force  Field 

,  Bb 

Mode 

.  -i 

Raman C 

Infrared^ 

RamanC 

Infrared*^ 

V/  cm 

intensity 

intensity 

V/cm 

intensity 

intensity 

0 

V.  (A  ) 

1  9 

2534 

4 

0 

2527 

12 

0 

-0.1s+0.2s+0.4as-0.6as„ 

V,  (A  ) 

2  g 

2487 

17 

0 

2483 

18 

0 

12  12 

0 . 6as, +0 . 4as. 

V,(A  ) 

3  g 

2398 

6 

0 

2399 

11 

0 

1  2 

0.5s-0.5s+0. las  -0 . 3as. 

V.  (A  ) 

4  g 

2360 

100 

0 

2350 

100 

0 

12  12 
0.5s  +0. 5s. 

V-(A  ) 

5  u 

2544 

0 

15 

2568 

0 

8 

1  2 

0.5s+0.2s+0.4as-0.4as_ 

V.(A  ) 

6  u 

2522 

0 

9 

2517 

0 

11 

12  12 
0.3s  +0.5 s-0.4as+0.3as_ 

V_(A  ) 

7  u 

2487 

0 

2 

2474 

0 

0.2 

12  12 

0 . Is  -0 . ls_+0 . 5as  +0 . 6as. 

3 

< 

00 

;> 

2397 

0 

48 

2410 

0 

55 

12  12 
-0.5s  +0. 5s  +0. 3as  -0. las. 

w 

2546 

10 

0 

2554 

9 

0 

12  12 
0.2s  -0.2s. +0.2 as  -0.2as. 

V10<Eg> 

2504 

38 

0 

2494 

40 

0 

12  12 
0.1s-0.1s+0.2as+0.2as 

V.  .  (E  ) 
11  g 

2445 

6  ' 

0 

2454 

12 

0 

12  12 
-0.2s-0.3s-0.1as+0.2as 

V..(E  ) 
12  g 

2415 

11 

0 

2416 

10 

0 

12  12 
0.3s  -0.2s_-0.2as-0. las 

v  (E  ) 
13  u 

2520 

0 

31 

2518 

0 

46 

12  12 

0 . Is  +0. ls.+O .  2as-0.4as. 

V'  (E  ) 

14  u 

2502 

0 

26 

2494 

0 

6 

12  12 
0.1s-0.1s+0.3as+0.2as„ 

V  (E  ) 
15  u 

2428 

0 

26 

2431 

0 

20 

12.  12 
-0.3s+0.3so+0.1as+0.2as_ 

V,,(E  ) 
16  u 

2374 

0 

59 

2370 

0 

70 

12  12 

-0. 3s  +0. 3s  +0. las. -0. las. 
12  12 

F1  6-3518'  f2  -  6.5184,  F3  =  6.4557,  F4  =  6.3259,  F5  =  0.04,  Ffe  =  -0.02,  F?  =  1.029*F 
=  0 . 850  *Fg  =  0.964-F10  =  1.019-F^  =  0.982-F^  =  0.931-F^  =  0.915-F^  =  -0.108,  F^  =  0.09, 
rife=  0.076.  Units  are  mdyne  A'3.  The  force  field  is  defined  in  References  1  and  2. 


As  force  field  A,  except  F,.  =  0.11,  Fg  =  0.013,  F?  =  FQ  =  F^  =  Fn  =  F^  =  -0.10, 

Fg  =  “0-16,  F13  =  F14  =  -0.18,  F^  =  0.04,  =  0.12. 

Arbitrary  units;  RP  =  O^'/O^'  =  7.5.  The  intensities  of  the  two  components  of  the 
degenerate  modes  have  been  added. 

d  2 

dk*(3y/9Qk)  ,  where  is  the  degeneracy  of  vibration  k  and  the  units  of  9y/9Q  are 

o-i  _i,  k 

D • A  • amu 

Eigenvector  elements,  for  force  field  A,  where  S±  is  a  symmetry  coordinate.  The 

magnitude  of  the  a  and  b  symmetry  coordinates  have  been  added  for  the  E  and  E 

g  u 


modes . 
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v/cm'^ 


Figure  4.1  Comparison  of  the  calculated  and  observed 

infrared  absorption  by  vod(D20^  of  ice  II 
reproduced  from  References  1  and  2. 


f 
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features  at  2350,  2380  and  2476  cm  ^  were  more  intense  under 

Y(ZZ)X  polarization  than  under  perpendicular  polarization. 

This  data  suggests  that  these  three  features  should  be 

assigned  to  A  vibrations,  since  the  A  vibrations  of  ice  II 

9  g 

are  active  under  xx,  yy  and  zz  polarizations56'  57  while  the 

four  Eg  vibrations  are  active  under  all  but  zz  polarization, 

where  z  is  the  direction  of  the  3  axis  of  the  crystal  and 

lower  case  letters  refer  to  crystal  axes. 

It  is  obvious  from  Figure  3.3  (p.  116)  that  the  intense, 

lowest- frequency  peak  at  3189  cm-1  in  the  spectrum  of  H20 

ice  II  corresponds  to  the  peak  at  2349  cm  ^  in  the  spectrum 

of  D-0  ice  II,  and  therefore  can  be  assigned  to  an  A  vibra- 
^  g 

tion.  The  relation  of  the  other  features  is  not  so  apparent, 

but  is  aided  by  the  opposite  polarization  (Figure  3.12)  of 

the  3306  cm-1  feature  to  that  of  the  3189  cm-1  peak,  which 

suggests  its  assignment  to  an  Eg  vibration.  Thus  the  3306 

cm  1  peak  corresponds  to  the  high  frequency,  E  ,  component 

9 

of  the  2476/2486  cm  1  doublet  in  the  spectrum  of  D20.  The 

polarization  data  does  not  exclude  the  possibility  that  the 

peak  at  3306  cm  1  contains  an  A  component  in  addition  to  the 

9 

E  component,  and  in  fact  allows  little  more  to  be  said  about 
y 

the  symmetries  of  the  features.  A  definitive  assignment  of 
the  remaining  H20  features  would  require  better  polarization 
data  from  a  crystal  of  known  orientation,  but  on  the  basis 
of  the  available  information  a  tentative  assignment  is  pro¬ 
posed  in  Table  3.2.  The  H20  analogue  of  the  low-frequency, 

Ag,  component  of  the  D20  doublet  at  2476/2486  cm  1  is 
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believed  to  coincide  with  the  3306  cm  1  peak,  based  on  the 

relative  intensity  of  the  D20  feature.  Alternately,  the  D20 

peak  could  be  related  to  the  H20  shoulder  at  3340  cm-1,  but 

this  is  considered  less  likely  because  of  the  differences 

in  intensities  and  half-widths.  Some  of  the  polarized 

spectra  of  H20  ice  II  suggest  that  the  features  at  3306  and 

3270  cm  are  both  of  E  symmetry.  However  this  is  not  clear 

y 

in  Figure  3.12,  which  contains  the  best  polarized  spectra  of 
H20  ice  II  that  were  obtained,  and  therefore  the  symmetry  of 
the  3270  cm  1  feature  is  uncertain.  The  feature  at  3270  cm'1 
is  believed  to  be  related  to  the  2420  cm-1  shoulder  of  D20, 
with  the  H20  analogue  of  the  2445  cm  ^  shoulder  presumably 
being  buried  in  the  broad  peak  at  3306  cm  1.  The  H20  features 
at  3465  and  3400  cm  1  appear  to  be  both  derived  from  the  D20 
feature  at  2530  cm  1.  The  isotope  ratios  of  the  vibrations 
of  ice  II  are  thus  between  1.33  and  1.37  (Table  3.2)  and 

therefore  are  consistent  with  those  found  for  other  forms  of 
ice. 81  ' 84  ' 97  ,  ioi  ,125 

The  vibrational  representation  of  the  k=0  O-D 
stretching  vibrations  of  ice  IX  is  3A^  +  3A2  +  313^  +  3B2  +  6E, 
with  the  A2  and  E  vibrations  infrared  active,  and  all 
but  the  A2  vibrations  Raman  active.  The  vibrational  frequen¬ 
cies,  relative  absorption  intensities,  and  eigenvectors  that 
were  calculated1'2  for  D2<D  ice  IX  are  given  in  Table  4.2  as 
Force  Field  A,  and  the  experimental  and  calculated  absorption 
spectra  are  compared  in  Figure  4.2.  The  agreement  is  consid¬ 
ered1'2  to  be  excellent.  The  four  features  that  were  observed 
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Table  4.2 

The  calculated  frequencies,  infrared  and  Raman  relative  intensities, 


and 

assignments, 

,  of  the 

k 

=  0,0- 

D  stretching 

vibrations 

of  ice  IX  at  10  K. 

Force  Field  A3 

Force  Field 

Bb 

c 

Raman 

Infrared 

d 

c 

Raman 

Infrared^ 

Mode 

v/cm 

intensity 

intensity 

v/cm 

intensity 

intensity 

.  e 

Assignment 

w 

2522 

8 

0 

2521 

8 

0 

0.3s^-0.4s2~0.6as^ 

vv 

2417 

2 

0 

2416 

0.7 

0 

0.3s^-0.5s2+0.5as^ 

vv 

2  341 

100 

0 

2325 

100 

0 

0.6s^+0.4s2 

VV 

2497 

0 

24 

2500 

0 

33 

O.ls^-O.Sas^-O^as^ 

v5 (V 

2464 

0 

31 

2461 

0 

23 

0.735^-0.3352 

VV 

2357 

0 

4 

2356 

0 

3 

0. 7s^+0. las^+0. las2 

vv 

2527 

0.2 

0 

2533 

0.01 

0 

0 . 4s^+0 .  3as^-0 . 5as2 

VV 

2468 

30 

0 

2468 

27 

0 

0 . 6as^+0 . 4aS2 

VV 

2412 

4 

0 

2422 

8 

0 

0.6s^-0.3as^+0.3as2 

V10 (B2 

)  2513 

3 

0 

2511 

4 

0 

0.2s^-0.3s2+0.6as^ 

V11,B2 

)  2457 

0.7 

0 

2463 

0.06 

0 

-0. 75^+0. 2as^ 

V12(B2 

)  2401 

0.5 

0 

2396 

0.6 

0 

0 . 6s2+0 . 3as^ 

V13<E1 

2516 

6 

12 

2520 

10 

7 

0.4s+0.2s-0.4as-0.5as„ 
12  12 

V14<E> 

2492 

7 

24 

2486 

6 

15 

0 .  ls^+0 . 2s2~0 . 9as^+0 . 3as2 

v15(e) 

2464 

13 

0.3 

2466 

2 

5 

0.1s^+0.9as^-0.4as2 

V16<E> 

2462 

11 

9 

2461 

20 

0.07 

-0.5s^+0.5s2+0.3as^+0.1as2 

V17<E) 

2395 

2 

48 

2402 

0.8 

54 

0.7s^+0.2as^+0.2as2 

V18(E) 

2360 

0.04 

65 

2353 

0.08 

76 

0.5s1+0.5s2+0.2as1-0.1as2 

3  F  = 

6.2950, 

F_  =  6.3053, 

F  =  6. 

3518.  F.  = 

=  0.03,  F  = 

0.01,  F  = 

1 . 113  *F  =  0 . 967  *F 

1 

2 

3 

4 

5 

6 

7  8  0 

=  0. 

983  *Fg  = 

1 ' 073  *Fiq  = 

F11  =  -° 

.118,  F12 

=  0.074,  F13 

=  1.081*F  .  Units  are  mdyne'A 

The 

force  field  is  defined  in  References  1 

and  2  . 

As  force  field  A,  except  F  =  0.0894,  Fc  =  0.0023,  F  =  -0.1388,  F  =  0.0389 

4  0  6  12 

c 

^■'kitrary  units;  RP  =  cl ^  / CL 2'  =  7.5.  The  intensities  of  the  two  components  of  the 
degenerate  modes  have  been  added. 

d  2 

dk*(9y/8Qk)  ,  where  is  the  degeneracy  of  vibration  k,  and  the  units  of  9y/9Qk  are 
°-l 

D • A  • amu 

e 

Eigenvector  elements,  S^/  £>k,  for  force  field  A,  where  Si  is  a  symmetry  coordinate.  The 
magnitude  of  the  eigenvector  elements  of  the  a  and  b  symmetry  coordinates  have  been  added 


for  the  E  modes. 
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v/crrT^ 


Figure  4.2  Comparison  of  the  calculated  and  observed 

infrared  absorption  by  vOD(D20)  of  ice  IX. 
The  observed  spectrum  and  bar  graph  A  are 
reproduced  from  References  1  and  2. 
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in  the  Raman  spectrum  of  D^O  ice  IX  can  be  assigned  as  in 
Table  3.4  from  the  calculated1'2  frequencies  in  Table  4.2, 
provided  that  v2  (A^  ,  VgfB^,  v12(B2),  v1?(E)  and  vlg(E)  are 
sufficiently  weak  in  the  Raman  spectrum  to  explain  the 
absence  of  distinct  features  between  2417  and  2360  cm-1. 

The  assignment  of  the  four  Raman  features  of  P^O  ice  IX  is 
made  by  comparison  with  those  for  D2O  ice  IX,  and  the  iso¬ 
tope  frequency  ratios  (Table  3.4)  are  consistent  with  those 
reported  for  other  ice  phases . 81  '  84 '  97'  101'  125  Once  again, 
the  intense,  lowest-f requency  peak,  at  2325  cm  1  in  the 
spectrum  of  D2O  and  at  3151  cm  1  for  1^0,  is  assigned  (Table 
3.4)  to  the  in-phase  0-D  or  0-H  stretching  vibration,  which 
is  an  A^  vibration  in  ice  IX  (Table  4.2). 

It  is  clear  from  Figures  3.3  and  3.14  that  for  ice  II 
and  ice  IX  the  Raman  spectrum  of  the  D2O  ice  consists  of 
sharper,  better  resolved  features  than  that  of  the  P^O  ice, 
as  is  the  case  for  the  infrared  spectra.41  This  must  result 
from  the  greater  effect  of  anharmonicity  on  the  spectra  of 
the  H2O  ices,  and  indicates  that  interpretation  by  calcula¬ 
tions  based  on  harmonic  force  fields  and  first  derivatives  of 
the  dipole  moment  and  polarizability  with  respect  to  normal 
and  internal  coordinates  is  more  suitable  for  the  spectra  of 
D20  ices  than  for  P^O  ices.  Accordingly,  these  calculations 
are  used  to  interpret  the  spectra  of  the  D20  ices  (Sections 
4.3  and  4.4)  and  the  spectra  of  the  PP2°  ices  are  not  discussed 


further  here. 
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4.3  Calculation  of  the  Raman  Spectra  of  the  0-D  Stretching 

Vibrations  of  Ice  II  and  Ice  IX 

To  further  test  the  reliability  of  the  assignments 
given  in  Tables  3.2  and  3.4  the  relative  Raman  intensities  of 
the  0-D  stretching  vibrations  of  polycrystalline  samples  of 
D^O  ice  II  and  D^O  ice  IX  have  been  calculated  under  the  bond 
polarizability  approximation.  In  this  approximation  the 
polarizability  derivatives  with  respect  to  a  normal  coordi¬ 
nate  are  expressed  as  the  sum  of  the  polarizability  deriva¬ 
tives  with  respect  to  displacement  of  the  0-D  bonds  weighted 
by  the  eigenvectors.  The  mathematical  expression  of  the  bond 
polarizability  approximation  is 

Sr. 

X 

where  a  is  the  polarizability  tensor  of  the  crystal,  is 

the  ith  element  of  the  eigenvector  of  the  kth  normal  coordi¬ 
nate  Q  of  the  crystal,  and  the  summation  is  over  all  internal 

K 

coordinates  r^  which  in  the  present  case  are  the  displace¬ 
ments  of  the  0-D  bonds.  In  such  calculations,  the  eigenvec¬ 
tors  of  the  crystal  vibrations,  which  describe  the  displace¬ 
ments  of  the  bonds  in  the  crystal  during  each  vibration,  and 
a  model  for  the  dependence  of  the  polarizability  of  each  bond 
on  the  displacement  of  the  bond  are  needed.  The  bond  polar¬ 
izability  approximation  has  been  applied  with  good  success 
to  the  vibrations  of  single  crystal  ice  Ih  by  Scherer  and 
Snyder90  and  to  polycrystalline  ice  Ih  by  Rice  et  al.81 


I 


3r 


ik 


(4.1) 
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The  change  in  the  polarizability  of  the  bond  with 

displacement  of  the  bond  may  be  represented  by  a',  a  3x3 

tensor  called  the  polarizability  derivative  tensor  of  the 

bond.  The  xy  element  of  ex',  (a1)  =  3a  /3r.,  describes 

xy  xy  i 

the  change  in  the  xy  polarizability  of  the  bond  with  unit 

displacement  of  the  bond.  The  x,  y  and  z  axes  of  bond  i 

are  the  principal  axes  of  the  polarizability  ellipsoid74  of 

bond  i,  and  are  different  for  each  bond. 

The  direction  cosine  matrix  T.  of  bond  i  is  given  by 

1 


T.  = 
~  i 


'cos(X,x)  cos  (Y,x)  cos(Z,x) 
cos(X,y)  cos(Y,y)  cos(Z,y) 
cos(X,z)  cos(Y,z)  cos(Z,z) 


(4.2) 


where  X,  Y  and  Z  are  the  crystal  axes,  and  cos(X,y)  is  the 
cosine  of  the  angle  between  the  X  axis  of  the  crystal  and 
the  y  axis  of  bond  i.  T^  and  its  transpose  T^  are  used  to 


transform  a'  to  a . '  through 

*S/  <v  1 


+ 


a  1  =  T.  •  a  '  •  T  .  . 
~i  ~  ~i 


(4.3) 


The  XY  element  of  ou  '  ,  (ai')XY  =  9aXY/8ri'  9ives  the  change 
in  the  XY  polarizability  of  the  crystal  with  unit  displace¬ 
ment  of  bond  i.  a.'  depends  on  the  orientation  of  bond  i 
with  respect  to  the  crystal  axes,  and  so  may  be  different 
even  for  bonds  with  the  same  polarizability  derivative  tensor 


a '  . 


(a')j  is  the  polarizability  derivative  tensor  of  the 


crystal  with  respect  to  normal  coordinate  j,  and  the  XY 
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component  is  given  by 


(a  » )  . 
v  xy  ‘  j 


9ot  3r. 

y  (a  •)  .£  =  y  _ xy _ h 

L  'xy  Z  9r  ‘3Q 

1  1  1  j 


(4.4) 


where  the  summation  is  over  all  bonds  i  of  the  crystal.  The 

.  are  the  eigenvector  elements  for  normal  coordinate  Q.  and 

J 

are  available  from  normal  coordinate  analyses.  A  similar 
summation  is  carried  out  to  find  each  of  the  nine  components 
of  the  polarizability  derivative  tensor  for  the  crystal  for 
each  normal  coordinate  Q_.  of  the  crystal. 

In  this  application  of  the  bond  polarizability  approxi¬ 
mation  to  ice  II  and  ice  IX,  the  z-principal  axis  of  the 
polarizability  ellipsoid  of  each  bond  is  assumed  to  be  coin¬ 
cident  with  the  bond  axis,  so  that  all  off-diagonal  elements 
of  the  polarizability  derivative  tensor  a'  are  zero.  Further, 
the  ellipsoids  are  assumed  to  be  cylindrically  symmetrical, 
so  that  the  xx  and  yy  elements  of  the  polarizability  deriva¬ 
tive  tensor  are  equal  and  have  the  value  a2  '  .  Thus,  the  only 
unique  elements  of  a'  are  a  ',  the  component  parallel  to  the 
bond,  and  a2 ' ,  the  value  of  each  of  the  two  components 
perpendicular  to  the  bond.  The  polarizability  derivative 
tensor  a'  is  assumed  to  be  the  same  for  all  0-D  bonds  in  the 
crystal,  even  though  there  are  four  non-equivalent  types  of 
0-D  bond  in  ice  II  and  three  in  ice  IX.  Thus  the  ratio 
RP=a1'/ct2'  is  the  only  variable  in  the  calculation  of  the 
relative  Raman  intensities  under  a  particular  force  field  for 


each  ice. 
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The  Raman  intensity  of  vibration  j  is  related  to  the 

components  of  (a')..,  the  polarizability  derivative  tensor  of 

the  crystal  with  respect  to  the  normal  coordinate,  in  a  way 

which  depends  on  the  orientations  of  the  polarizations  of  the 

incident  and  scattered  light  with  respect  to  the  crystal  axes 

For  a  sample  of  randomly  oriented  crystallites  the  incident 

light  may  be  totally  scrambled  with  respect  to  polarization 

and  propagation  direction  on  passing  through  the  sample.126 

If  this  happens,  the  spectrum  is  the  same  under  parallel  and 

perpendicular  polarizations.  This  was  experimentally 

observed  for  crushed  samples  of  ice  II  and  for  all  samples 

of  ice  IX  (Section  3.5).  For  this  case,  the  intensity  I(v  ) 

j 

of  vibration  j  is  given  by126 

[ (vq  -  v . ) 4/v  .  ] 

1  j  ^  [  1  -  exp  (-hv  /kT)  ]  [45(ol_.')  +  10  (  y_.  '  )  ]  (4.5) 


where  and  y  '  are  the  isotropic  and  anisotropic  invar¬ 

iants  of  the  polarizability  derivative  tensor  for  vibration 
3  at  frequency  v_.  ,  is  the  Raman  excitation  frequency,  T 
is  the  absolute  temperature,  and  h  and  k  are  the  Planck  and 
Boltzmann  constants.  The  isotropic  invariant  is  defined  as 


a ' 


Oi. 


YY 


+  a 


zz 


(4.6) 


and  the  anisotropic  invariant  is  defined  as 


(Y  ')  =  M  (a'  -  a  ')2+  (a  '  -  avv '  )  2  +  (a  ■  -  a  ' )  2 


XX  YY 


YY  ZZ 


ZZ  XX 


+  6(aXY'2+aYZ,2+azx,2,}  ' 


(4.7) 
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a '  ,  y' t  and  the  scattering  intensities  of  the  vibrations, 
given  by  equation  (4.5),  relative  to  that  of  the  in-phase 
symmetric  0-D  stretching  vibration,  are  given  in  Appendix  I 
for  RP=5.6,  7.5,  10,  20  and  50  for  force  fields  A  and  B  of 
D2O  ice  II1'2  (Table  4.1),  and  for  force  field  A  of  D2<D  ice 
IX1'2  (Table  4.2)  and  for  force  field  B  of  D20  ice  IX,  which 
is  described  in  the  following  section. 

The  scattering  intensities  of  the  O-D  stretching  vibra¬ 
tions  of  ices  II  and  IX  are  plotted  as  a  function  of  RP  in 
Figures  4.3  and  4.4,  where  it  can  be  seen  that  the  intensity 
of  each  vibration  increases  relative  to  that  of  the  symmetric 
O-D  stretching  vibration  of  each  ice  as  RP  increases.  The 
value  of  RP  was  chosen  to  give  the  best  fit  to  the  relative 
intensities  of  the  three  strongest  peaks  of  ice  II  and  the 
two  strongest  peaks  of  ice  IX.  For  a  polycrystalline  sample 
of  D20  ice  II  the  integrated  area  of  the  doublet  at  2476/2486 

cm  1  (v  (A  )/v  (E  ))  is  0.52 ±0.1  times  that  of  the  bands  at 
2  g  log 

2350  cm  1  (v  (A  )),  and  for  polycrystalline  ice  IX  the  inte- 
grated  area  of  the  band  at  2454  cm  1  (v0(B.),  v..(Bj,  v.c  (E)  , 

o  1  11  Z  lb 

v.c(E))  is  0.52 ±0.1  times  that  of  the  band  at  2325  cm  1 
(v  (A  ) ) .  From  Figure  4.3  the  calculated  intensity  ratio  for 
ice  II  is  0.5  at  RP=6.7  for  force  field  A  and  at  6.3  for 
force  field  B,  and  the  ranges  of  RP  that  span  the  experimental 
uncertainty  are  5.4  to  9.4  for  force  field  A  and  5.0  to  8.3 
for  force  field  B.  From  Figure  4.4,  the  calculated  intensity 
ratio  for  ice  IX  is  0.5  at  RP =  6 . 7  for  force  field  A  and  at 
RP  =7.6  for  force  field  B,  and  the  experimental  range  is 
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spanned  by  RP =  5 . 2  to  9.0  for  force  field  A  and  6.0  and  11.0 
for  force  field  B.  The  average  of  the  four  values  of  RP  that 
give  an  intensity  ratio  of  0.5  for  the  two  ices  is  6.8,  and 
the  average  of  the  eight  values  of  RP  that  reproduce  the 
extremes  of  the  experimental  ranges  of  the  intensity  ratio 
is  7.4. 

The  relative  intensities  that  were  calculated  with  the 
ratio  RP =  7 . 5  are  listed  in  Tables  4.1  and  4.2,  and  the 
relative  intensities  calculated  with  RP =  50  are  shown  as  bar 
graphs  in  Figures  4.5  and  4.6.  The  relative  peak  heights  in 
the  Raman  spectra  of  D20  ices  II  and  IX  are  rather  well 
reproduced  by  the  intensities  calculated  with  RP=50,  but 
the  relative  peak  areas  are  better  reproduced  with  RP =  7.5. 

It  is,  of  course,  the  peak  areas  that  are  theoretically 
important.  It  is  encouraging  that  the  Raman  spectra  are 
explained  rather  well  by  the  normal  coordinate  and  bond 
polarizability  calculations  that  use  the  force  fields 
described  earlier1'2  to  explain  the  infrared  spectra.  It  is 
particularly  impressive  that  the  calculations  that  have1'2 
explained  the  infrared  spectrum  of  ice  IX  so  well  indicate 
why  only  four  features  are  observed  in  the  Raman  spectrum  of 
ice  IX  when  15  O-D  stretching  vibrations  are  Raman  active. 

The  calculation  of  the  Raman  intensities  allows  the 
Raman  features  of  ice  IX  to  be  assigned  in  more  detail,  by 
assignment  of  the  observed  features  to  the  vibrations  with 
the  largest  calculated  scattering  intensities.  These  assign¬ 
ments  of  the  Raman  features  and  the  assignments1'2  of  the 
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Observed  and  calculated  Raman  spectra  of  the 
0-D  stretching  vibrations  of  D20  ice  II. 


Figure  4 . 5 


RAMAN  INTENSITY 
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Figure  4 . 6 


Observed  and  calculated  Raman  spectra  of  the 
0-D  stretching  vibrations  of  D2O  ice  IX. 
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infrared  spectrum  are  given  in  Table  4.3.  The  modes  in 
parentheses  in  the  table  undoubtedly  contribute  to  the 
assigned  feature  but  are  weak  enough  (Table  4.2)  that  they 
do  not  determine  its  frequency.  The  intensities  of  the 
vibrations  v2(Ax),  vg(A2),  v?  (B  )  ,  vg  (B  )  ,  v  (B2)  and 
v i 2 ( B2 )  appear  to  be  too  small  to  allow  any  experimental 
indication  of  their  frequencies. 

The  assignment  of  the  Raman  spectrum  of  D20  ice  II  is 
that  given  in  Table  3.2,  and  is  combined  with  the  assignment 
of  the  infrared  spectrum1'2  in  Table  4.4. 

The  values  of  RP  found  previously  in  studies  of  the 
Raman  spectra  of  gaseous  water  vapor  and  single  crystal  and 
polycrystalline  ice  Ih  should  be  compared  to  those  found  here. 
Murphy  found127  3.1  to  be  the  most  probable  value  of  RP  for 
gaseous  H20.  Scherer  and  Snyder90  found  the  value  RP  =  5.6±1 
from  a  least-squares  refinement  of  the  relative  integrated 
intensities,  under  various  polarizations,  of  the  Raman  scat¬ 
tering  by  0-H  and  0-D  stretching  modes  of  HDO  molecules 
isolated  in  single-crystal,  D20  or  H20,  ice  Ih  at  -4°C.  The 
uncertainty  in  RP  resulted  from  the  uncertainty  in  the  inten¬ 
sity  measurements  and  from  the  approximations  of  harmonic 
oscillator  theory  which  cannot  simultaneously  explain  the 
intensities  of  0-H  and  0-D  oscillators  precisely,  due  to  the 
effects  of  electrical  and/or  mechanical  anharmonicity .  Rice 
et  al81  found  that  the  value  RP =  5 . 6  gave  the  intense,  lowest- 
frequency  Raman  peak  due  to  the  0-H  or  0-D  motion  in  H20  or 
D20  ice  Ih  an  integrated  area  that  is  three  times  too  large 
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Table  4.3 

Assignments  of  the  features  due  to  the  0-D  stretching  vibrations 
in  the  infrared  and  Raman  spectra  of  D20  ice  IX  at  10  K. 


V/ cm  1 

Infrared  Raman a 

Assignment 

2517 

V13(E) 

2513 

VV  [+  VV  +  W  +  V13(E)] 

2499 

VV  t+  V(E)1 

2492 

V(E> 

2462 

v5(a2)  [+  v15(e)  +  v16(e) ] 

2453.9 

VV  [+  V11(V  +  V15(E)  +  V16(E)] 

2403 

V17<E> 

2348 

v18(E)  t+V6(A2)! 

2325.1 

V3(A1> 

Extrapolated  from  frequencies  at  higher  temperatures. 
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Table  4.4 

Assignments  of  the  features 
due  to  the  0-D  stretching  vibrations 
in  the  infrared  and  Raman  spectra 
of  D^O  ice  II  at  10  K. 


V/ cm 

Infrared 

1 

_  a 

Raman 

Assignment 

2550 

V_(A  ) 

5  u 

2530.5 

V.  (A  )  +  VQ  (E  ) 

1  g  9  g 

2524 

Va(A  )  +  V._(E  ) 

6  u  13  u 

2501 

V..(E  ) 

14  u 

2485.8 

Vin(E  ) 

10  g 

2475.5 

V,(A  ) 

2  g 

2470 

V_  (A  ) 

7  u 

2445 

V  (E  ) 

11  g 

2420 

V.,(E  ) 

12  g 

2418 

V  ^  (E  )  +  V_(A  ) 
15  u  8  u 

2380 

V,(A  ) 

3  g 

2370 

V,,(E  ) 

16  u 

2349.6 

V.  (A  ) 

4  g 

a 


Extrapolated  from  frequencies  at  higher 
temperatures . 


relative  to  that  of  the  higher-frequency  part  of  the  band, 
but  did  not  explore  the  effect  of  changing  RP .  It  is 
concluded  that  the  value  of  RP  found  here  for  ices  II  and  IX 
is  definitely  larger  than  that  of  gaseous  water127  and  is 
comparable  to  the  averaged  value  of  5.6  found  for  ice  Ih.90 

4.4  Refinement  of  the  Force  Fields  for  D^O  Ices  II  and  IX 

Force  fields  A  and  B  for  D20  ice  II  and  A  for  D20  ice 
IX  were  reported1'2  as  those  that  best  reproduced  the  infra¬ 
red  frequencies  of  the  0-D  stretching  vibrations.  Only  the 
two  strongest  Raman  features  of  each  ice  had  been  observed 
at  that  time,  and  their  frequencies  were  not  well  known.  It 
is  therefore  not  surprising  that  the  agreement  between  the 
frequencies  that  were  calculated1'2  for  the  Raman-active 
vibrations  and  the  observed  Raman  frequencies  is  not  perfect 
An  attempt  was  therefore  made  to  refine  the  force  fields  to 
improve  the  fit  to  the  infrared  and  Raman  data  for  each  ice 
(Tables  4.3  and  4.4). 

The  main  deficiency  of  the  calculations  for  ice  IX  is 
that  the  frequencies  of  the  two  strong  Raman  peaks  are  calcu 
lated  about  15  cm  1  too  high.  The  diagonal,  0-D  stretching, 
force  constants  are  known  with  certainty  from  the  spectrum 
of  v  ( HDO)  in  H„0  ice  IX,  and  therefore  were  not  varied. 

The  intermolecular  coupling  constant  between  two  bonds, 
and  r.,  on  different  molecules  was  calculated1'2  as 

32V/3r  3r.,  where  V  is  the  potential  energy  of  interaction 

i  3 

of  effective  charges  on  the  deuterium  atoms  of  ri  and  r^. 

The  coupling  constant  between  the  two  oscillators  was  then 
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evaluated  from  their  local  geometry.  Force  contants  F&  to 

F  arise  from  the  configuration  in  which  one  oscillator  is 

hydrogen  bonded  to  the  molecule  containing  the  oscillator 

with  which  it  is  interacting.  Force  constants  F  and  F^3 

account  for  the  interaction  of  two  oscillators  that  are 

hydrogen  bonded  to  a  common  atom.  In  varying  the  intermolec- 

ular  coupling  constants  in  this  work,  the  relative  values  ' 

of  F,,  to  F, .  were  assumed  to  be  correct,  but  the  scaling 
6  11 

factor  that  determines  their  absolute  values  was  adjusted; 
the  same  approach  was  taken  with  the  intermolecular  coupling 
constants  of  the  second  type  (F^  an<3  F^)  .  Finally,  the 
values  of  the  two  intramolecular  coupling  constants  (F  and 
F4)  were  adjusted  independently.  Thus,  four  parameters  were 
adjusted  to  improve  the  fit  to  nine  frequencies  (Table  4.3) 
by  the  program  FPERT . 1 2 2  The  resulting  force  constants, 
frequencies,  and  infrared  and  Raman  intensities  are  shown  in 
Table  4.2,  under  Force  Field  B,  and  the  calculated  spectra 
are  compared  with  those  from  force  field  A1'2  and  with  the 
observed  infrared  and  Raman  spectra  in  Figures  4.2  and  4.6. 
The  eigenvectors  calculated  with  force  field  B  are  similar 
to  those  given  in  Table  4.2  for  force  field  A.  Force  field 
B  does  correct  the  frequency  mismatch  for  v3(A^)  ^^25  cm 

but  still  predicts  the  second  intense  Raman  peak,  at  2454 
cm"1,  to  be  about  10  cm"1  too  high,  and  does  not  explain  the 
infrared  spectrum  quite  as  well  as  does  force  field  A  (Figure 
4.2).  This  could  not  be  improved  further. 

For  ice  II,  the  calculated  frequencies  of  v0(Eg)  and 
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v3(A3)  are  ~15  cm-1  higher  than  the  observed  frequencies,  and 

those  of  v , . (E  )  and  v_(A  )  are  ~10  cm  1  too  high  (Tables  4.1 
10  g  2  g 

and  4.4).  Various  attempts  were  made  to  improve  the  agree¬ 
ment  between  the  observed  and  calculated  frequencies,  without 
improving  on  the  results  given  by  force  field  B  (Table  4.1). 

The  sets  of  force  constants  that  provided  the  best 
agreement  between  the  calculated  and  observed  spectra  of  D2O 
ices  II  and  IX  are  those  given  in  References  1  and  2  and  in 
Tables  4.1  and  4.2.  The  agreement  can  be  considered  to  be 
excellent  in  view  of  the  limited  force  fields  and  harmonic 
theory.  However  it  must  be  recognized  that  other  sets  of 
force  constants  that  are  similar  to  those  presented  (Tables 
4.1  and  4.2)  are  able  to  reproduce  the  spectra  nearly  as  well, 
and  that  under  somewhat  expanded  force  fields  the  individual 
force  constants  would  likely  be  somewhat  different.  There¬ 
fore  no  undue  significance  should  be  attached  to  values  of 
individual  force  constants  given  here. 

4.5  Discussion  of  the  Effects  of  Disorder,  LO-TO  Splitting 

and  Fermi  Resonance  on  the  Spectra  of  Ice  II  and  Ice  IX 

Ice  II  is  centrosymmetric  and  fully  ordered,  but  ice  IX 
is  non-centrosymmetric  and  is  ~4%  orientationally  disordered. 
The  spectrum  of  ice  IX  could  therefore  be  affected  by  longi¬ 
tudinal  optic-transverse  optic  (LO-TO)  splitting,  and  the 
disorder  could  conceivably  broaden  the  peaks  in  the  spectra 
of  ice  IX  relative  to  those  of  ice  II.  These  effects  are 
discussed  in  this  section.  The  broad  absorption  underlying 
the  infrared  spectra  of  the  O— D  stretching  vibrations  of  ice 
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II  and  ice  IX  has  been  attributed1' 2  to  Fermi  resonance  of 
the  fundamentals  with  high-order  overtone  and  combination 
states,  and  this  explanation  is  now  discussed  in  light  of 
the  Raman  spectra  of  these  ices. 

Orientational  disorder  of  a  crystal  should  broaden  the 
peaks  of  the  vibrational  spectra  because  of  the  destruction 
of  the  k  =  0  selection  rules,  and  therefore  the  peaks  in  the 
Raman  spectrum  of  ice  IX  might  be  expected  to  be  broader 
than  those  of  ice  II.  However,  from  Tables  3.2  and  3.4  it 
can  be  seen  that  the  strongest  peak  in  the  Raman  spectra  of 
the  0-H  and  0-D  stretching  vibrations  of  both  ice  II  and  ice 
IX  have  the  same  half-widths,  i.e.  ~30  cm  1  for  H2O  and  ~18 
cm"1  for  D20  ice  at  35  K  and  ~40  and  ~22  cm-1  respectively 
at  100  K.  Further,  the  half-width  of  the  strongest  peak 
of  ice  Ih,  which  is  as  disordered  as  is  possible,  is  19  cm  1 
for  H20  and  13  cm'1  for  D20  at  20  K,88  and  36  cm'1  99  (or 
48  cm'1)90  for  H20  and  ~25  cm"1  90  (or  32  cm"1) 99  for  D20  at 
~100  K,  and  the  half-widths  of  the  two  strongest  peaks  of 
the  fully-ordered  ice  VIII101  at  100  K  are  50  and  20  cm"1  for 
w  0  and  48  and  14  cm"1  for  D90.  Thus,  there  does  not  seem 
to  be  a  correlation  between  the  breadth  of  the  strong,  low- 
f requency  peak  in  the  Raman  spectrum  of  the  0— H  or  O— D 
stretching  vibrations  and  the  degree  of  order  of  the  ice. 

It  is  true  that  the  Raman  spectra  of  the  ordered  ices  VIII, 

II  and  IX  show  sharper  features  in  the  high-frequency  part 
of  the  band  than  does  the  spectrum  of  the  disordered  ice  Ih,99 
but  these  high-frequency  features  in  the  Raman  spectra  of 


172 


ice  II  and  ice  IX  are  of  comparable  breadth  (Figures  3.3  and 
3.14).  A  comparison  of  the  Raman  and  infrared  (Figures  4.1 
and  4.2)  spectra  of  ices  II  and  IX  and  the  success  with  which 
they  have  been  interpreted  indicates  that  no  effect  of  the 
slight  disorder  in  ice  IX  can  be  identified  at  present  in 
the  infrared  and  Raman  bands  due  to  the  0-H  or  0-D  stretching 
vibrations . 

Ice  IX  is  non-centrosymmetric,  and  so  the  E  vibrations 
of  ice  IX  are  active  in  both  the  infrared  and  Raman.  Accord¬ 
ingly,  the  longitudinal  optic  (LO)  mode  of  the  E  vibrations 
may  be  considerably  higher  in  frequency  than  the  transverse 
optic  (TO)  mode,  and  both  the  longitudinal  optic  and  trans¬ 
verse  optic  E  modes  are  potentially  observable  in  the  Raman 
spectrum  of  ice  IX.  The  frequencies  of  longitudinal  optic 
and  transverse  optic  modes  derived  from  the  zero-wavevector 
normal  mode  k  of  an  isotropic  material  are  related  by128 


,  LO  ,2 

(V,  ) 


,  T0\2 
(v,_  ) 


ttc  \  3n  /  \9Qk/ 


(4.8) 


The  number  density  of  oscillators,  N,  which  may  be  calculated 

21  -  3 

from  the  diffraction  data,  is  3.23  x  10  cm  for  ice  IX  and 
3.29 x  1021  cm-3  for  ice  II,  c  is  the  velocity  of  light  in 
vacuum  and  n  is  the  refractive  index  at  the  frequency  of 
vibration  k.  The  squared  derivative  of  the  dipole  moment 
with  respect  to  the  zero-wavevector  normal  coordinate  k, 

(9y/8Q  )2,  was  calculated  under  the  bond  moment  approximation 
for  ices  II  and  IX,  and  can  be  obtained  by  dividing  the  infra- 
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red  intensities  reported  in  Tables  4.1  and  4.2  by  d  ,  the 

degeneracy  of  vibration  k.  In  fact,  ice  II  and  ice  IX  are 

uniaxial,  not  isotropic,  crystals,  but  equation  (4.8)  gives 

a  useful  estimate  of  the  splitting.  The  refractive  indices 

are  not  known  for  ices  II  and  IX,  but  n  varies  between  1.0 

and  1.9  for  radiation  between  2800  and  3600  cm  1  in  H^O  ice 

Ih  and  between  2000  and  2700  cm  1  in  D^O  ice  Ih,3  and  the 

range  of  the  refractive  index  is  likely  similar  in  ice  II  and 

2 

ice  IX.  Between  n=1.0  and  n=2.0  the  function  [  (n  +2)/3n] 
varies  by  only  -11%  and  is  a  minimum  at  n =  /2.  Therefore 
n  =  /!"  is  used  here  to  calculate  the  minimum  LO-TO  splittings 
of  the  infrared-active  vibrations  of  ice  II  and  IX.  Thus, 
for  ice  IX  equation  (4.8)  becomes 

( v L  ° )  2  -  (v^°)  2  =  6120*  Op/3Q.)  2  (4.9) 

k  k  k 

and  for  ice  II  it  becomes 

( vnL0 )  2  -  (v?0)  2  =  6230  *  Oy/3Q,  )  2  (4.10) 

k  k  k 

where  the  units  of  Oy/OQ^)  are  D  A  amu  .  In  Table  4.5, 
the  frequencies  of  the  transverse  optic  vibrations  of  the 
infrared-active  O-D  stretching  fundamentals  are  the  observed 
infrared  and  Raman  frequencies,  and  the  longitudinal  optic 
frequencies  are  estimated  from  equations  (4.9)  and  (4.10) . 

The  longitudinal  optic  frequencies  are,  of  course,  only  as 
reliable  as  the  intensity  calculations. 

Large  LO-TO  splittings  are  calculated  for  some  of  the 
infrared-active  vibrations  of  ice  II  and  for  the  A 2  vibrations 
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Table  4.5 

Calculated  LO-TO  splittings  of  the  infrared-active 
O-D  stretching  vibrations  of  D^O  ices  II  and  IX. 


ice 


ice 


a 


Mode 

\-Ov/30k)2  a 

I 

Raman 

TO 

V 

LO 

V 

LO  TO 

V  -  V 

11  vv 

12 

0 

2550 

2564  (4) 

14 

V -  (A  ) 

10 

0 

2524 

2536 (2) 

12 

6  U 

V  (A  ) 

1 

0 

2470 

2472 (2) 

2 

7  U 

V0(A  ) 

52 

0 

2418 

2484 (5) 

66 

V,  _  (E  ) 

38 

0 

2524 

2547  (5) 

23 

13  u 

V,  . (E  ) 

16 

0 

2501 

2511(6) 

10 

14  u 

V,  _ (E  ) 

23 

0 

2418 

2433(2) 

15 

15  u 

V.  (E  ) 

65 

0 

2370 

2412  (4) 

42 

16  u 


IX  VV 

28 

0 

2499 

2534  (6) 

35 

VV 

27 

0 

2462 

2495(5) 

33 

V6(A2} 

4 

0 

2350 

2355  (1) 

5 

V13(E> 

10 

10 

2517 

2522 (2) 

5 

V(E) 

20 

8 

2492 

2504 (3) 

12 

V15(E) 

3 

10 

2460 

2462  (2) 

2 

V16(E) 

5 

20 

2460 

2463(3) 

3 

V17(E> 

51 

2 

2403 

2435(2) 

32 

V18(E) 

70 

0.1 

2348 

2394 (4) 

46 

The  values 

2 

of  <3  •  Oy/3Qk)  given 

here 

are  the 

averages 

of  those 

calculated 

from  force  fields  A  and  B 

for  each 

ice. 
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of  ice  IX.  However  all  of  these  vibrations  are  forbidden  in 
the  Raman  spectrum  and  only  the  transverse  optic  mode  can  be 
observed  in  the  infrared  spectrum.  The  E  vibrations  of  ice 
IX  are  active  in  both  the  infrared  and  Raman  spectra.  How¬ 
ever  only  v  (E)  is  totally  responsible  for  a  feature  in  the 
Raman  spectrum,  the  weak  feature  at  2492  cm-1  (Table  3.4), 
while  v  (E) ,  v  (E)  and  v..(E)  are  expected  to  contribute 

to  the  Raman  features  at  2513  cm  1  and  2454  cm  1,  and  v  (E) 

17 

and  v  (E)  appear  to  be  too  weak  to  be  observed  in  the  Raman 
1  8 

spectrum. 

The  only  peak  in  the  Raman  spectrum  of  ice  IX  to  which 

the  longitudinal  mode  of  v, „ (E)  could  contribute  is  the  weak 

14 

peak  at  2513  cm  1,  but  this  peak  is  equally  well  assigned  to 

v^A  )  with  contributions  from  other  vibrations  (Table  4.3). 

It  is  more  likely  that  the  longitudinal  optic  mode  of  v  (E) 

contributes  to  the  Raman  scattering  near  2504  cm  1 ,  i.e.  to 

the  region  between  the  weak  Raman  features  at  2492  and  2513 

cm  1,  and  therefore  cannot  be  assigned  to  any  specific 

feature.  The  longitudinal  optic  mode  of  v  (E)  is  calculated 

to  be  only  5  cm  1  higher  in  frequency  than  the  TO  mode,  so 

both  modes  probably  contribute  to  the  2513  cm  1  feature. 

v  (E)  and  v  _  (E)  are  relatively  intense  in  the  Raman,  but 
15  16 

they  are  calculated  to  have  negligible  LO-TO  splitting.  Thus, 
no  specific  features  in  the  Raman  spectrum  of  D^O  ice  IX  can 
be  assigned  to  a  longitudinal  optic  mode,  and  all  of  the 
Raman  features  of  ice  IX  can  be  readily  assigned  without 
invoking  the  influence  of  longitudinal  optic  modes.  This  is. 
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however,  a  direct  result  of  the  low  Raman  intensity  of 
strongly  absorbing  vibrations,  which  may  be  peculiar  to  the 
case  of  ice  IX,  and  therefore  one  should  be  cautious  in 
taking  this  as  evidence  of  the  probable  influence  of  longi¬ 
tudinal  modes  on  the  Raman  spectra  of  other  phases  of  ice. 

The  breadth  of  the  infrared  absorption  peaks  due  to 
the  0-D  stretching  vibrations  of  D20  ice  II  and  D20  ice  IX 
and  a  broad  absorption  that  underlies  the  peaks  (Figures  4.1 
and  4.2)  have  been  attributed1'2  to  broadening  of  the  0-D 
stretching  fundamental  transitions  by  Fermi  resonance  between 
the  fundamental  states  and  the  continuum  of  isoenergetic , 
high-order  overtone  and  combination  states  of  the  lower  fre¬ 
quency  translational,  rotational  and,  possibly,  D-O-D  bending 
modes.  The  Fermi  resonance  interaction  between  fundamentals 
and  combinations  (or  overtones)  that  influences  the  infrared 
spectrum  must  also  influence  the  Raman  spectrum,  although  the 
effect  on  the  intensities  in  the  two  spectra  can  differ. 
However,  the  peaks  in  the  Raman  spectra  of  ice  II  and  ice  IX 
are  much  sharper  than  those  in  the  infrared  spectra,  and  the 
broad  underlying  feature  is  about  ten  times  less  intense  rel¬ 
ative  to  the  peaks  in  the  Raman  spectra  than  in  the  infrared 
spectra.  The  question  is  whether  such  large  differences 
between  the  spectra  can  be  explained  by  reasonable  differences 
in  the  factors  that  determine  the  degree  of  Fermi-resonance 
enhancement  of  the  intensities  of  the  combination  and  overtone 
transitions . 

The  differences  that  can  occur  between  the  two  spectra 
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can  be  estimated  through  degenerate  perturbation  theory.129'130 

If  and  ¥  are  the  wavef unctions  of  the  perturbed  and 
u 

unperturbed  higher  energy  states,  and  and  are  the  per¬ 
turbed  and  unperturbed  lower  energy  states,  then 


¥ 


+ 


/AE  +  AE 
o 


2  AE 


V  ± 
u 


(4.11) 


and 


¥  + 
u 


/AE  +  AE 
o 


2  AE 


(4.12) 


where  AE  =E  -E„,  the  difference  between  the  unperturbed 
o  u  x 

energies,  and  AE  =  E+ -  E~  ,  the  difference  between  the  perturbed 
energies,  and  it  is  assumed  that  <H;u  |  H  '  |  ¥u>  =  |  H  '  |  =  0  . 

Then  I+/I~,  the  ratio  of  the  intensities  of  the  upper  and 
lower  perturbed  states,  is  given  by 


(AE  +  AE) 


•  ft) 


+  (AE  -  AEj±  2- (j^-J  */AE2  -  E2 


<AE-AEo)-(y  +  (AE4AEo)  *2.(^)-/AE-  EJ 


(4.13) 

where  M  =  <Y  I M  |  ^  >  and  M0 =  <Y0 |M | Y  > .  In  equations  (4.11) 

u  u  o  x  x  o 

to  (4.13),  the  upper  signs  are  used  if  Wf  c  =  <4^  |  H '  |  H;£>  is 
positive,  and  the  lower  signs  are  used  if  is  negative. 

Thus,  the  intensity  gained  by  a  combination  or  overtone 
transition  through  Fermi  resonance  depends  on  the 

ratio  of  the  moment  of  the  transition  to  the  unperturbed 
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combination  or  overtone  state  to  that  of  the  transition  to 
the  fundamental  state.  The  intensity  ratio  I+/I  was 
calculated  for  various  values  of  M  /Mn  with  AE/AE  between 
15  and  1.25,  and  the  results  are  tabulated  in  Appendix  II. 

To  account  for  the  observed  differences  between  the 
breadths  of  the  infrared  and  Raman  spectra  of  the  ices  by 
Fermi  resonance,  the  ratio  of  the  infrared  intensities  of  the 
perturbed  combination  (or  overtone)  bands  to  that  of  the 
perturbed  fundamental  band  must  be  ten  times  larger  than  the 
corresponding  ratio  of  Raman  intensities.  From  Appendix  II 
this  requires  the  infrared  intensity  of  the  unperturbed  fun¬ 
damental  transition  to  be  greater  than  ten  times  that  of  the 
unperturbed  combination  or  overtone,  and  the  Raman  intensity 
of  the  unperturbed  fundamental  to  be  only  one  to  three  times 
the  intensity  of  the  unperturbed  combination.  Normally, 
however,  the  unperturbed  intensities  of  combinations  or  over¬ 
tones  are  much  weaker  than  those  of  fundamentals.  It  is 
therefore  unlikely  that  the  unperturbed  combination  transi¬ 
tions  are  so  intense  in  the  Raman,  and  in  such  a  situation 
the  bands  would  be  broad  anyway,  even  without  Fermi  resonance. 
For  the  more  normal  situation  in  which  the  unperturbed  funda 
mental  transition  is  greater  than  about  ten  times  as  intense 
as  the  unperturbed  combination  transition,  the  calculations 
reveal  that  I+/I  varies  at  most  by  a  factor  of  two  for  the 
cases  considered.  It  is  concluded  that  no  reasonable  differ 

ence  in  M  /Mn  will  explain  the  observed  differences  between 
u  £ 

infrared  and  Raman  spectra,  and  thus  that  Fermi  resonance 
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is  probably  not  the  cause  of  the  breadth  in  the  infrared 
spectrum. 

The  significant  LO-TO  splittings  estimated  in  Table  4.5 
suggest  that  at  least  part  of  the  breadth  of  the  infrared 
bands  may  be  due  to  reflection  effects  associated  with  large 
changes  in  the  refractive  index  in  the  region  of  the  absorp¬ 
tion  bands,  as  described  by  classical  dispersion  theory.131 
Unfortunately  the  infrared  reflection  spectra  of  ice  II  and 
ice  IX  have  not  been  reported.  These  reflection  effects 
would  not,  of  course,  affect  the  breadth  of  the  Raman  bands 
because  the  radiation  involved  in  the  Raman  spectrum  is  not 
at  the  frequency  of  the  absorption  bands. 


CHAPTER  FIVE 


DISCUSSION  OF  THE  RAMAN  SPECTRA  OF  THE 

LATTICE  VIBRATIONS  OF  ICE  II  AND  ICE  IX 

5.1  Introduction 

The  translational  and  rotational  lattice  vibrations  of 
ices  II  and  IX  are  discussed  in  this  chapter.  In  Section  5.2 
the  Raman  spectra  of  the  lattice  vibrations  are  assigned 
from  the  polarization  data  for  ice  II  and  from  the  coincident 
infrared  and  Raman  frequencies  of  ice  IX,  but  the  assignment 
is  necessarily  incomplete.  The  remainder  of  the  chapter 
deals  with  the  normal  coordinate  calculations  used  to  further 
the  interpretation.  In  Section  5.3  the  method  of  calculation 
of  the  lattice  vibrations  used  in  this  work  is  described  and 
compared  with  the  method  used  for  the  molecular  vibrations 
of  free  molecules.  In  Section  5.4  the  calculations  that  are 
reported  in  this  chapter  are  discussed  in  general  terms,  and 
the  models  for  the  structure  and  potential  energy  of  each 
calculation  are  defined. 

It  was  anticipated  that  it  would  be  much  easier  to 
calculate  the  frequencies  of  the  translational  vibrations 
alone  than  to  calculate  the  frequencies  of  both  the  transla¬ 
tional  and  rotational  vibrations  from  the  same  force  field. 

Thus  two  sets  of  calculations  are  reported  in  this  chapter. 

In  Section  5.5  calculations  of  the  frequencies  and  intensities 
of  the  translational  vibrations  of  ices  II  and  IX  are  reported, 
and  detailed  assignments  are  made  on  the  basis  of  these 
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calculations.  In  Sections  5.6  and  5.7  frequency  calcula¬ 
tions  of  both  the  translational  and  rotational  vibrations  of 
ices  II  and  IX  are  reported  for  several  sets  of  coordinates, 
in  exploratory  work  whose  aim  is  to  find  a  very  simple  model 
bo  describe  the  potential  energy  of  the  lattice  of  the  ices. 

5.2  Discussion  of  the  Low-Frequency  Raman  Spectra  of  Ices 

II  and  IX 

The  features  below  1000  cm  ^  in  the  Raman  spectra  of 
ices  II  and  IX  are  assigned  in  this  section  on  the  basis 
of  their  frequencies,  isotope  ratios  and  the  polarized 
spectra.  The  frequencies  of  rotational  vibrations  of  the 
ices  are  expected  to  be  between  450  and  1000  cm  for  ^0 
and  between  350  and  700  cm  ^  for  D2O,  and  the  ratio  of 
frequencies  of  corresponding  rotational  vibrations  of 
and  D20,  i.e.  the  isotope  ratio,  is  calculated  from  the 
moments  of  inertia  to  be  about  1.35  (Section  1.5).  Features 
due  to  the  translational  vibrations  are  expected  below  325 
cm”\  with  isotope  ratios  of  about  1.05  (Section  1.5). 

Based  on  these  criteria,  twelve  features  in  the  Raman 
spectrum  of  ice  II  are  assigned  in  Table  3.2  to  rotational 
vibrations,  and  nine  features  are  assigned  to  translational 
vibrations.  The  relative  intensities  of  these  features  are 
independent  of  temperature  within  experimental  error  and 
therefore  all  of  the  observed  features  are  assigned  to 
transitions  from  the  ground  state  to  fundamental  states. 

The  sharp  feature  at  -950  cm'1  (-695  cm"1  in  D20)  (Figure  3.4) 
is  presumably  analogous  to  the  sharp  peak  that  was  observed" 
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at  1085  cm  ^  in  the  Raman  spectrum  of  H^O  ice  Ih  and  was 
tentatively  assigned"  to  the  rotational  band.  This  frequency 
is,  however,  rather  high  for  a  rotational  vibration,  and 
this  assignment  is  not  definitive.  The  unobserved  H^O  ana¬ 
logue  of  the  D^O  peak  at  273  cm  ^  presumably  is  buried  under 
the  H^O  peak  at  268  cm  ^  (Figure  3.5). 

The  symmetries  of  the  Raman  peaks  due  to  the  transla¬ 
tional  and  rotational  vibrations  are  assigned  in  Table  3.2 
by  the  arguments  used  in  Section  4.2  for  the  O-D  stretching 
vibrations.  Thus  in  the  unanalyzed  polarized  spectra 

(Figures  3.9  to  3.11)  both  A  and  E  vibrations  are  active 

9  9 

in  the  Y(Z,Z+Y)X  spectrum  while  only  E  vibrations  are  active 

y 

in  the  Y(X,Z+Y)X  spectrum.  In  the  analyzed  spectra  (Figures 

3.12  to  3.13)  only  A  components  should  appear  in  the  ZZ 

9 

spectrum,  if  it  is  assumed  that  the  crystal  c-axis  was  nearly 
aligned  with  the  Z  laboratory  axis.  Through  the  convergence 
error90  E  components  could  appear  in  the  ZZ  spectrum,  but 
presumably  they  would  be  stronger  in  the  perpendicularly- 
polarized  spectrum  than  in  the  ZZ  spectrum. 

Thus,  of  the  nine  features  assigned  to  translational 
vibrations  of  ice  II,  six  of  Eg  symmetry  and  two  to  five  of 
A  symmetry  have  been  identified  (Table  3.2) .  Of  the 
features  assigned  to  rotational  vibrations,  five  of  E^  sym¬ 
metry  and  four  to  seven  of  A  symmetry  have  been  identified 

9 

(Table  3.2).  The  observed  number  of  vibrations  of  each 

symmetry  is  therefore  in  fair  agreement  with  the  numbers 

predicted  (Table  1.3),  6  A  +6E  for  the  rotational  vibra- 

y  y 
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tions  and  6  A  +  6E  for  the  translational  vibrations. 

g  g 

The  frequencies  of  the  lattice  vibrations  observed  in 
the  Raman  and  absorption  1 '  2  '  41  ' 4  2' 13  2  spectra  of  D^O  ice  II 
are  combined  in  Tables  5.1  and  5.2.  Twelve1'2  features  in 
the  infrared  spectrum  of  D20  ice  II  have  been  assigned  to 
rotational  vibrations , 1 ' 2 ' 41  and  ten132  features  have  been 
assigned  to  translational  vibrations.42'132  The  symmetry, 

A^  or  E^,  of  the  vibration  responsible  for  a  particular 
absorption  is  unknown.1'2'41'42'132  There  is  at  present  no 
evidence  that  any  of  the  features  listed  in  Table  5.1  are 
due  to  overtone  or  combination  transitions  so  they  are  all 
assigned  to  fundamental  transitions. 

For  ice  IX,  eleven  Raman  features  are  assigned  to  rota¬ 
tional  vibrations  and  eleven  Raman  features  are  assigned  to 
translational  vibrations  in  Table  3.4,  on  the  basis  of  their 
frequencies  and  isotope  ratios.  As  for  ice  II,  all  of  these 
are  assigned  to  fundamental  transitions.  Thus  the  number  of 
observed  Raman  transitions  of  ice  IX  is  much  less  than  the 
number  predicted,  that  is  twenty-two  rotational  and  twenty- 
one  translational  vibrations. 

No  polarization  information  was  obtained  for  ice  IX, 
because  the  samples  were  polycrystalline  (Section  3.5),  so 
the  Raman  spectra  give  no  indication  of  the  symmetries  of 
the  vibrations  responsible  for  the  observed  features. 

However,  the  E  vibrations  are  active  in  both  the  infrared  and 
Raman  spectra,  so  coincident  peaks  in  the  two  spectra  are 
tentatively  assigned  accordingly. 
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Table  5.1 

Summary  of  observed  Raman  and  infrared  frequencies 
of  the  rotational  vibrations  of  D2<0  ice  II. 


Raman  infrared 


10  Ka 

35  K 

100  K 

10  Y? 

35  KC 

100  Kb 

713  ±  5 

713 

705  ±  5 

695 

-695 

•620 

-620 

610  ±  2  . 

609 

606  ±  2 

595  ±  2 

595 

592  ±  2 

•577 

-575 

-570 

563  ±  2 

563 

559  ±  2 

■545 

-544 

-543 

531.0 

530.3  ±  0.5 

527.8  ±  0.5 

528  ±  3 

528 

528  ±  3 

519.8 

518.8  ±0.5 

515.1 ±  0.5 

511  ±  2 

510 

507  ±  2 

484.2 

482.9  ±  0.5 

478.8  ±  0.5 

476  ±  2 

476 

471  ±  2 

453.7 

452.6  ±  0.5 

448.6  ±  0.5 

444  ±  2 

443 

439  ±  2 

439 

438  ±  0.6 

-434 

419.8 

418.6  ±  0.5 

.  414.8  ±  0.5 

407  ±  3 

405 

402  ±  3 

365  ±  3 

364 

361  ±  3 

360.7 

360. 0±  0.4 

356.2  ±  0.5 

360  ±  3 

358 

-357 

-353 

328  ±  3 

328 

324  ±  3 

Extrapolated  value. 
Reference  2. 
Interpolated  value. 
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Table  5.2 

Summary  of  observed  Raman  and  infrared  frequencies 
of  the  translational  vibrations  of  D^O  ice  II. 


Raman  infrared 


10  Ka 

35  K 

100  K 

4.3  Kb 

100  KC 

311 

310  ±  1 

307±1 . 5 

284.5  ±  0.5 

279.6  ±  0.5 

273 

272.8  ±  0.4 

272  ±  1 

257.3 

257.1 ±  0.4 

256.8  ±  0.5 

■245 

~245  (sh) 

248.5  ±  0.5 

242.5  ±  0.5 

233.6  ±  0.5 

229.9  ±0.5 

205  ±  1  (sh) 

194.9 

194.6  ±  0.4 

192.9  ±  0.5 

195  ±0.5  (sh) 

191 ±  1  (sh) 

185.5  ±  0.5 

182.4 

181.9  ±  0.4 

180.0  ±  0.5 

182.5  ±  0.5 

180.4  ±0.5 

149.0  ±  0.5 

146. 6±  0.5 

148.2 

147.5  ±  0.4 

145.6  ±  0.5 

135.0  ±  0.5 

133.0  ±  0.5 

106.0  ±  0.5 

104.3  ±  0.5 

100.4 

100.2  ±  0.4 

99.6  ±  0.5 

69.2 

69.1 ±  0.4 

68.8  ±  0.5 

3  Extrapolated  value, 
k  Reference  132. 

Q 

Reference  42. 
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The  features  in  the  inf rared l' 2 •  41  •  42 '  1 32  and  Raman 
spectra  of  D^O  ice  IX  that  are  assigned  to  rotational  and 
translational  vibrations  are  collected  in  Tables  5.3  and  5.4. 
An  unassigned  absorption  peak  may  result  from  either  an  A2 
vibration  or  an  E  vibration  that  scatters  too  weakly  to  be 
observed  in  the  Raman  spectrum.  An  unassigned  Raman  peak 
may  result  from  an  A^,  or  B2  vibration,  a  transverse  optic 
E  vibration  that  is  too  weak  to  be  observed  in  the  infrared, 
or  a  longitudinal  optic  E  mode  (Sections  1.4  and  4.4)  .  The 
spectra  of  the  lattice  vibrations  of  ice  IX  cannot  be 
assigned  further  from  the  available  experimental  evidence. 

A  discussion  of  the  relative  Raman  intensities  of  the 
rotational,  translational,  and  bond— stretching  vibrations  in 
HO  and  D^O  ice  II  and  ice  IX  concludes  this  section.  The 
relative  integrated  scattering  intensities,  corrected  from 
observed  counts-per-second  to  calibrated  energy  per  square 
centimeter  per  second,  are  reported  in  Section  3.5.  The 
integrated  scattering  intensity  of  the  rotational  vibrations 
relative  to  that  of  the  bond-stretching  vibrations  is 
0.030  ±0.007,  while  that  of  the  translational  vibrations 
relative  to  that  of  the  stretching  vibrations  is  0.076  ±0.012, 

for  both  H20  and  D20  ices  II  and  IX. 

The  near  equality  of  this  ratio  for  the  translational 

vibrations  of  an  ice  is  unexpected,  based  on  the  theory  of 
absolute  scattering  intensities.  Under  the  harmonic  approx¬ 
imation  the  scattering  intensity  of  a  vibration  is  propor¬ 
tional  to  Oct/3Qk)2,56  where  Qk  is  the  mass-weighted  normal 
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Table  5.3 


Summary  of  observed  Raman  and  infrared  frequencies 
of  the  rotational  vibrations  of  D^O  ice  IX. 


Raman 

infrared 

10  Ka 

35  K 

100  K 

10  xh 

35  KC 

100 

678  ±  3 

678 

674  ±  3 

-651 

-650 

-635 

633  ±  4 

632 

627  ±  4 

-606 

-605 

-600 

607  ±  3 

607 

602  ±  3 

E 

595  ±  3 

549  ±  2 

548 

545  ±  2 

-532 

-531 

-525 

510.8 

510.3  ±  0.3 

504.3  ±  0.5 

492.2 

490.9  ±  0.3 

485.8  ±  0.5 

489  ±  2 

488 

485  ±  2 

E  ? 

~463 

462  ±  3 

-459 

445.9 

444.9  ±  0.6 

441.0  ±  0.5 

445  ±  2 

444 

441  ±  2 

E 

-420 

418.5  ±  0.6 

-411 

421  ±  2 

-412 

411.0  ±  0.6 

412  ±  2 

411 

408  ±  2 

E 

-393 

392  ±  1*5 

389 

393  ±  2 

392 

389  ±  2 

E 

378.8 

378.4  ±  0.5 

374.9  ±  0.5 

a  Extrapolated  value, 
k  Reference  2. 

C  Interpolated  value. 
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Table  5.4 


Summary  of  observed  Raman  and  infrared  frequencies 


of  the  translational  vibrations  of  D^O  ice  IX. 

Raman 

infrared 

10  Ka 

35  K 

100  K 

4.3  Kb 

100  KC 

~298 

297  ±  1 

-292 

295  ±  1 

295  (sh) 

E 

274.8  ±  0.5 

270.2  ±  0.4 

246.5  ±  0.5 

242.8  ±  0.9 

234.5 

234.3  ±  0.5 

230.5  ±0.5 

234  ±  1  (?) 

E 

208  (sh) 

204.6 

204.2  ±0.3 

202.0  ±  0.5 

205.3  ±  0.5 

201.5  ±  0.7 

E 

-190 

189.6  ±  0.3 

-187 

187  (sh) 

E 

184.5 

184.2  ±  0.3 

182.4  ±  0.5 

-175 

173.6  ±0.3 

-172 

161.5  ±  0.5 

159. 9±  0.1 

159  (sh)  (?) 

136.8  ±  0.5 

134. 7±  0.1 

99.2 

99.0  ±  0.3 

97.0  ±  0.5 

~85 

84.9  ±  0.3 

-83 

74.5 

74.4  ±  0.3 

73.6  ±  0.5 

71.1 

71. 0±  0.3 

70.2  ±0.5 

70.8  ±  0.5 

70.2  ±  0.7 

E 

~35 

34.3  ±  0.3 

-34.3 

Extrapolated  value. 
Reference  132. 
Reference  2. 


coordinate.  Thus,  to  good  approximation  for  the  vibrations 
of  molecules  or  crystals,  the  intensity  of  scattering  by  a 
vibration  is  proportional  to  the  G-matrix  element  of  the 
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principal  coordinate  contributing  to  the  normal  mode.56 

The  appropriate  G-matrix  elements  for  the  bond-stretch¬ 
ing,  rotational  and  translational  vibrations  are  the  reduced 
masses  of  the  0-H  and  0-D  oscillators,  the  inverse  moments 
of  inertia,  and  the  inverse  molecular  masses  respectively. 
Therefore  the  absolute  scattering  intensities  of  the  bond¬ 
stretching  and  rotational  vibrations  of  a  D^O  ice  are 
expected  to  be  about  0.5  of  those  of  the  corresponding  H2<D 
ice,  while  those  of  the  translational  vibrations  of  the  H20 
and  D20  ^ce  should  be  almost  equal.  It  follows  that  the 
intensity  of  the  rotational  vibrations  relative  to  that  of 
the  bond-stretching  vibrations  should  be  the  same  for  the 
HO  and  D-0  ice,  and  the  intensity  of  the  translational 
vibrations  relative  to  that  of  the  bond  stretching  vibrations 

of  the  D_0  ice  should  be  almost  twice  that  for  the  H~0  ice. 

2  *■ 

As  noted  above,  this  is  not  observed. 

Marechal  et  al  observed  a  similar  anomaly  in  the 
absolute  absorption  intensities  of  the  isotopic  forms  of 
gaseous  dimers  of  carboxylic  acids133  and  of  crystalline 
formic  acid.134  They  attributed133  this  behavior  to  the 
effects  of  the  mechanical  and  electrical  anharmonicities  of 
the  hydrogen  bond. 

The  Normal  Coordinate  Calculation  of  Lattice  Vibrations 


5.3 


In  the  previous  chapter  the  absorption  and  scattering 
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of  radiation  by  the  O-D  stretching  modes  was  interpreted  in 
large  measure  by  the  results  of  normal  coordinate  and 
intensity  calculations.  There  is  little  doubt  that  the 
interpretation  is  essentially  correct,  although  imperfect, 
because  the  calculations  were  based  on  a  simple  force  field 
whose  force  constants  were  given  values  that  are  known  to  be 
of  the  correct  magnitude.  Further,  the  intensity  calcula¬ 
tions  were  based  on  the  simplest  model  that  is  undoubtedly 
correct  in  essence  if  not  in  detail.  In  short,  the  inter¬ 
pretation  is  the  more  credible  because  simple  models  that 
used  physically  reasonable  parameters  we re  used. 

In  this  chapter  the  spectra  of  the  translational  and 
rotational  vibrations  are  investigated  theoretically  in  the 
same  way.  As  will  be  seen,  the  infrared  and  Raman  spectra 
due  to  the  translational  vibrations  are  quite  well  explained 
by  simple  models  for  the  forces  and  intensities.  However 
it  has  not  been  possible  to  find  a  simple  short-range  force 
field  that  reproduces  the  correct  isotope  ratios  when  the 
rotational  and  translational  vibrations  are  treated  together, 
yet  still  generates  the  correct  ranges  of  frequencies  of 
the  translational  and  rotational  vibrations. 

In  the  calculations  of  the  previous  chapter  the  poten¬ 
tial  energy  was  written  as  a  function  of  internal  coordinates 
R  by  supplying  parameters  to  represent  the  force  constants, 
i.e.  the  second  derivatives  of  the  potential  energy  with 
respect  to  the  internal  coordinates.  These  parameters  formed 
the  F  matrix  and  the  kinetic  energy  was  written  as  a  function 
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of  the  internal  coordinates  through  the  G  matrix,  following 
the  GF  matrix  method  of  Wilson,  Decius  and  Cross The  GF 
matrix  was  then  diagonalized  to  give  the  frequencies  and 
eigenvectors,  the  latter  relating  the  internal  and  normal 
coordinates . 

Algebraically  the  method  can  be  summarized  as 

2  V  =  R+  F  R  (5.1) 

2  T  =  P+  G  P  (5.2) 

+  , 

where  R  is  the  transpose  of  R,  and  P  is  the  matrix  of 
momenta  conjugate  to  the  internal  coordinates.  The  secular 
equation  is 


G  F  -  E  X  =  0 


(5.3) 


where  E  is  a  unit  matrix  and  A  is  a  diagonal  matrix  of  the 
eigenvalues.  Solution  of  the  secular  equation  yields  the 
frequencies  and  the  eigenvectors,  which  form  the  L  matrix  in 
R  =  L  Q ,  where  Q  is  the  vector  of  normal  coordinates.  The  G 
and  F  matrices  may,  if  desired,  be  transformed  to  their 
symmetrized  forms 


G  =  U  G  U 
_  s  ~  ~ 


F  =  U  F  U 
~  s  ~  ~  ~ 


t 


t 


(5.4) 

(5.5) 


where  U  is  defined  by  S  =U  R,  and  S  is  the  column  vector  of 
symmetry  coordinates.  Thus  the  secular  equation 

t 

| g  F  -  E A|=  0  may  be  solved  to  yield  the  eigenvectors  L  =  U  L 

'.S  „S  ~  ~ 
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in  terms  of  the  symmetry  coordinates,  so  that  S  =  L  Q.  This 

-  ~  s  ~ 

use  of  symmetry  is,  however,  a  convenience,  not  an  essential 
part  of  the  method. 

The  normal  coordinate  calculations  of  lattice  vibra¬ 
tions  are  based  on  the  same  principles,  but  appear  to  be 
more  complex  because  the  potential  energy  is  most  easily 
written  in  terms  of  one  set  of  coordinates  but  the  eigen¬ 
vectors  are  more  useful  if  the  matrices  that  are  diagonalized 
are  written  in  terms  of  a  different  set.  The  coordinates  in 
which  the  matrix  to  be  diagonalized,  and  hence  the  eigen¬ 
vectors,  are  written  are  called  the  problem  coordinates  in 
this  thesis. 

The  problem  coordinates  of  the  calculations  of  this 
chapter  make  use  of  a  simple  approximation  called  the  rigid 
molecule  approximation. 135  Under  this  approximation  the 
molecules  are  treated  as  rigid  bodies  that  can  translate  and 
rotate  but  cannot  deform.  Thus  the  lattice  vibrations  are 
calculated  without  consideration  of  the  intramolecular 
vibrations.  The  rigid  molecule  approximation  is  particularly 
well  suited  to  calculations  for  the  ices,  for  it  is  well 
established  (Section  1.5)  that  the  intermolecular  vibrations 
are  virtually  independent  of  the  intramolecular  vibrations 
because  their  frequencies  are  so  different. 

The  problem  coordinates  of  these  calculations  are  then 
the  normal  coordinates  QTR  that  represent  rotation  and  trans¬ 
lation  of  the  rigid  molecules.  Since  the  calculations  are 
restricted  to  zero  wavevector  vibrations  in  this  work,  QTR 
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is  of  dimension  6  times  the  number  of  molecules  in  the  cell. 

Thus  we  seek  the  matrices  F  and  G  which  are  defined  by 

~Q  ~Q 


t 

2  V  =  Q  F  Q 

~  TR  ~  Q  ~  TR 

2  T  =  G  P 

~Q  ~Q  ~Q 


(5.6) 

(5.7) 


where  is  the  vector  of  the  momenta  conjugate  to  the 
normal  coordinates  of  the  rigid  molecules.  Then  the  secular 
equation  |G  F  —  E  X  I  =  0  is  solved  to  find  the  frequencies 
and  the  eigenvectors,  which  form  the  matrix  defined  by 

Q  =  L  Q  where  Q  is  the  column  vector  of  the  normal 

~  TR  ~  Q  CC  ~C 

coordinates  of  the  crystal.  Again,  symmetry  may  be  used 
during  this  procedure  if  desired. 

The  matrix  G  is  trivial  by  the  definition  of  normal 


coordinates,56  being  the  unit  matrix  E.  To  find  the  F 


Q 


matrix  one  chooses  a  model  to  define  the  forces  that  act  in 
the  crystal  when  certain  selected  distances  and  angles 
change.  These  selected  distances  and  angles  are  intermolec- 
ular,  and  their  displacements  from  equilibrium  form  a  set  of 
coordinates  that  is  here  designated  by  the  vector  D  and 
called  the  intermolecular  coordinates.  The  potential  energy 
is  then  written  as 


2  V 


D 


t 


F  D 

~  D  ~ 


(5.8) 


The  construction  of  F^  is  usually  done  in  one  of  two 
ways,  which  may  be  mixed.  First,  the  elements  of  FD  can  be 
regarded  as  parameters  that  are  chosen  to  have  physically 

This  approach  is  the  dominant  one  in 


reasonable  values. 


this  work.  It  is  limited  by  the  number  of  parameters  for 
which  one  can  choose  physically  reasonable  values  with 
confidence,  and  is  usually  restricted  to  short-range  forces, 

as  in  this  work.  The  second  method  of  constructing  F  is  to 

~  D 

use  interatomic  potential  functions,  which  are  most  commonly 
of  the  types136 


V  =  -A/r6  +  B  exp (  -C  r  )  (5.9) 

or  V  =  -A/r6  +  B/r12  (5.10) 

The  force  constants  in  which  correspond  to  changes  in,  say 
intermolecular  hydrogen-hydrogen  distances  can  be  calculated 
from  such  a  function  for  all  equilibrium  distances,  thus 
greatly  reducing  the  number  of  parameters  at  the  expense  of 
the  assumption  that  the  form  of  the  potential  function  is 
correct.  This  method  is  also  used  in  this  work,  using  a 
potential  function  for  a  pair  of  water  molecules  calculated 
by  Clementi  et  al137  from  the  results  of  ab  initio  calcula¬ 
tions.  This  method  is  more  complicated  than  the  first  one, 
because  the  chosen  parameters  or  the  crystal  structure  must 
be  adjusted  to  ensure  that  the  energy  of  the  crystal  given 
by  the  function  is  a  minimum  with  respect  to  the  variables 
in  D  at  the  geometry  chosen. 

The  conversion  of  Fd  to  F^  is  as  follows.  The  matrix 
B,  defined  by  D=BY,  defines  the  coordinates  D  in  terms  of 
crystal-f ixed  Cartesian  displacement  coordinates  of  the  atoms 
Y,  so  that  the  potential  energy  in  terms  of  these  coordinates 
is  given  by 
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2  V 


Y 


t 


B 


t 


B 


Y 


(5.11) 


The  normal  coordinates  of  the  rigid  molecule  can  be  related 

to  the  Y  through  Cartesian  displacement  coordinates  of  each 

T  R 

atom  based  on  molecule-f ixed  axes.  Thus,  L  relates  the 

~  X 

normal  coordinates  of  the  rigid  molecule  Q  to  Cartesian 

displacement  coordinates  of  the  atoms  with  respect  to  the 

T  R 

inertial  axes  of  the  molecule,  X,  through  X  =  Lx  9tr  ' 

T  R 

The  elements  of  L  are  the  same  for  all  equivalent  molecules 

~  X 

in  the  crystal.  The  molecule-f ixed  and  crystal-f ixed 

Cartesian  coordinates  are  related  by  Y  =  T  X ,  where  T  is 

T  R 

different  for  each  molecule  in  the  cell.  Thus  Y  =  T  Lx  QTR  , 
so  that 


2  V  = 


Q 
=  Q 


t 

TR 

t 

TR 


[  (LTR)+ 
~  X 

F  Q 

~  Q  ~TR 


i 


T  B 


F  B  T 

~  D  ~  ~ 


LTR  ]  Q 
~X  ~T  R 


(5.12) 


When  symmetry-adapted  linear  combinations  of  the 
normal  coordinates  of  the  rigid  molecules,  defined  by 

S TR  =  UTR0  ,  are  used,  as  in  this  work,  the  expression  for 

~  TR 

the  potential  energy  in  terms  of  these  coordinates  is 


(STV 

[  U TR  (l/R)+  TtB+FDB  T  LxR 

(UTR)+) 

sTR 

<sTR>+ 

F  STR 

~QS  ~ 

(5.13) 

Calculation  of  FQ  or  FQS  by  this  method  assumes  that 
the  transformation  from  R  to  Y  is  linear.  It  has  been 
suggested  that  this  is  an  objection  to  the  method138'139  and 
that  do  not  make  this  assumption  have  been  written. 


programs 
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In  some  tested  cases138  little  difference  between  the  two 
methods  has  been  noted,  although  for  a-N„  the  error  in  the 
frequencies  of  the  rotational  vibrations  ranges  from  25  to 
44  %  . 138  “ 1  4  1  The  error  can,  of  course,  be  effectively 
corrected  by  adjusting  the  parameters  of  the  potential 
model,138  although  the  physical  meaning  of  the  revised  force 
constants  may  be  decreased  by  this  procedure. 

The  method  described  above  is  applied  to  the  calcula¬ 
tions  reported  in  this  chapter  through  the  programs  AXSMZ 
and  LSMX  written  by  Shimanouchi  and  his  colleagues.142  The 
programs  were  tested  with  a  calculation  of  the  lattice 
vibrations  of  crystalline  benzene,  which  crystallizes  in  the 
space  group  Pbca  (^h^  with  four  molecules  in  the  unit  cell, 
on  C.  sites.143  The  changes  in  the  intermolecular  hydrogen- 

o 

hydrogen  distances  whose  equilibrium  lengths  are  3.0  A  or 
less  formed  the  set  of  intermolecular  coordinates.  The 
atomic  positions,  T  matrices  and  intermolecular  force 
constants  were  given  by  Harada  and  Shimanouchi,  and  the 
LTR  matrices135  were  computed  from  their  data.  The  values 
of  the  parameters  were  therefore  the  same  as  those  used  by 
Harada  and  Shimanouchi  in  their  calculation144  of  the 
intramolecular  and  lattice  vibrations  of  crystalline  benzene. 
The  effect  of  the  intramolecular  normal  coordinates  on  the 

14  4 

intermolecular  normal  coordinates,  which  they  included, 
is  expected145  to  be  small,  and  therefore  the  calculated 
frequencies  from  the  two  calculations  should  be  very  similar. 
The  results  are  compared  in  Table  5.5.  The  small  differences 
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Table  5.5 

Comparison  of  calculated  frequencies  of 
the  lattice  vibrations  of  benzene  at  269  K. 


Harada  and 

Harada  and 

This  work 

Shimanouchi 

This  work 

Shimanouchi3 

A 

g 

78.6 

79 

A 

u 

61.2 

58 

60.0 

57 

49.8 

49 

28.3 

28 

26.6 

26 

Big 

103.1 

100 

Blu 

44.8 

44 

70.2 

72 

31.1 

30 

64.3 

60 

0.0 

- 

B2g 

78.5 

76 

B2u 

60.8 

57 

67.8 

69 

31.7 

31 

57.2 

56 

0.0 

- 

B3g 

105.5 

102 

B3u 

60.0 

58 

70.0 

70 

33.8 

34 

36.0 

33 

0.0 

- 

Reference  144. 
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between  the  two  sets  of  frequencies  can  be  attributed  to 
the  combined  effects  of  the  inclusion  of  intermolecular- 
intramolecular  vibrational  interactions  by  Harada  and 
Shimanouchi , 1 4 4  and  a  probable  difference  in  precision 
between  their  reported144  and  actual  numbers  used  in  the 
calculation.  The  reasonable  agreement  in  Table  5.5  strongly 
suggests  that  the  programs  AXSMZ  and  LSMX  implemented  in 
this  work  function  as  intended. 

Harada  and  Shimanouchi ' s  vibrational  calculation  for 
benzene144  was  the  first  "full  molecule"  treatment  of 
benzene,  and  has  been  followed  by  reports  of  a  number  of 
similar  calculations,  differing  in  the  method  of  calculation, 
the  crystal  structure  and  the  potential  function.  The  far- 
infrared146  and  low-frequency  Raman147  spectra  were  also 
re-examined.  Our  understanding  of  the  lattice  vibrations 
has  therefore  progressed  beyond  Harada  and  Shimanouchi ' s 
interpretation,  the  results  of  which  appear  in  Table  5.5. 

The  calculation  by  Califano  et  al145  for  benzene  at  138  K 
was  particularly  successful.  Their  method  was  similar  to 
that  of  Harada  and  Shimanouchi, 144  ' 148  but  they  extended 

O 

the  interaction  radius  from  3. 14 148  to  6  A  and  made  use  of 
two  intermolecular  atom-atom  potentials  empirically  obtained 
by  Williams.149*150  The  results  of  Califano  et  al145  were 
similar  to  those  of  Harada  and  Shimanouchi148  for  benzene 
at  138  K  and  were  in  good  agreement  with  the  experimental 
results. 146  ' 147 


5.4 


General  Discussion  of  the  Calculations  of  the  Lattice 

Vibrations  of  Ices  II  and  IX 
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The  magnitudes  of  the  force  constants  used  in  any 
normal  coordinate  calculations  are  of  obvious  importance  in 
determining  the  frequencies  and  eigenvectors.  Another 
important  aspect  is  the  matrix  that  transforms  the  G  F  or 
F  matrix  from  the  internal  or  intermolecular  coordinates  to 
the  problem  coordinates.  For  the  lattice  vibrational  calcu¬ 
lations  reported  here,  this  transformation  matrix  is  defined 

T  R  T  R 

by  the  matrices  B,  T,  and  U  (equation  (5.13)).  The 

structural  model  for  the  crystal  and  the  model  for  the 
potential  energy,  i.e.  the  choice  of  intermolecular  coordin¬ 
ates,  determines  B,56  the  structural  model  alone  determines 
T  R 

T  and  L  (Appendix  III),  and  the  choice  of  problem  coordin- 
ates,  i.e.  the  choice  of  symmetry  coordinates,  determines 
UTR  (Appendix  III).  In  this  section  the  structural  model, 
the  set  of  intermolecular  coordinates  and  the  symmetry 
coordinates  are  defined  for  each  normal  coordinate  calcula¬ 
tion  that  is  reported  in  Sections  5.5  to  5.7. 

The  calculations  reported  in  this  chapter  are  summar¬ 
ized  in  Table  5.6.  The  calculations  in  the  first  group 
were  restricted  in  U  to  only  those  symmetry  coordinates 
that  describe  translational  degrees  of  freedom  of  the 
molecules.  These  will  be  called  the  translational  symmetry 
coordinates.  These  calculations  are  reported  in  Sections 

T  R 

5.5.  The  second  group  of  calculations  used  the  full  U 
matrix,  i.e.  both  the  rotational  and  translational  symmetry 
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Table  5.6 

Summary  of  normal  coordinate  calculations 
of  lattice  vibrations  of  ices  II  and  IX. 
Location  of  discussion  and  frequency 
tabulations  for  each  force  field. 


Translational 

true  structure  model 

(Section  5.5) 

ny 

A _ :  0**0  stretch 

O'^O^'O  deformation 
0* *0’,  O* • O 1  interaction 

ice  II:  p. 2  0  5 ;  Tables  5.7,  5.8 
(intensities:  Table  5.9) 

ice  IX:  p.216;  Table  5.11 

(intensities:  Table  5.12) 

AP :  H*  *0  stretch 

0»*0**0  deformation 

ice  II:  p . 2  0  5  ;  Table  5.7 


vibrations 

point  mass  model 

(Section  5.5) 

A^:  M* • M  stretch 

deformation 

ice  II:  p.205  ;  Table  5.7 
ice  IX:  p.  2  1  6  ;  Table  5.11 


Translational  and  rotational  vibrations 


true  structure  model 

(Section  5.6) 

AOX (H • *  O-H ) : 

0* "0  stretch 
0>*0'*0  deformation 
H*‘0-H  deformation 

ice  II:  p.225:  Table  5.15 
ice  IX:  p.227;  Appendix  VI 

AOX (0- • 0-H ) : 

0*  *0  stretch 

O*  *0»  *0  deformation 

0**0-H  deformation 

ice  II:  p.228  ;  Table  5.16 
ice  IX:  p.230  ;  Appendix  VI 

AOX  (H-H 1 ) : 

0*  *0  stretch 
0**0**0  deformation 
H-H’  interaction 

ice  II:  p.  2  3  1  ;  Table  5.17 
ice  IX:  p.2  31;  Appendix  VI 

(Section  5.7) 

CP:  H-H1,  H-M~,  H-0 , 

0-0,  m“-m" 

ice  II:  p.23  7;  Table  5.19 


linear  structure  model 

(Section  5.6) 

AOX (H- -0-H) : 

0**0  stretch 
0**0-*0  deformation 
H**0-H  deformation 

ice  IX:  p.22  7:  Appendix  VI 


AOX (O-H •  •  0 ,  H-H’): 

O* • 0  stretch 
0*  *0*  *0  deformation 
0-H**0  linear  angle  bend 
H-H’  interaction 

ice  IX:  p.2  3  3;  Table  5.18 
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coordinates.  These  calculations  are  reported  in  Sections 
5 . 6  and  5.7. 

The  calculations  for  which  the  problem  coordinates 
were  the  translational  symmetry  coordinates  are  discussed 
first  in  this  section.  One  structural  model  that  was  used 
is  the  true  structure  of  the  ice34'39  assuming  the  molecules 
to  be  rigid.  The  mass  of  each  molecule  is  distributed  over 
all  three  atoms,  but  the  model  in  fact  behaves  as  if  the 
total  mass  of  each  molecule  is  concentrated  at  the  position 
of  the  oxygen  atom,  particularly  with  intermolecular  coord¬ 
inates  involving  only  interactions  between  the  oxygen  atoms. 
In  the  other  model,  which  is  called  the  point  mass  model, 
the  total  mass  of  each  molecule  was  placed  at  M,  the  posi¬ 
tion  of  the  center  of  mass  of  the  molecule  in  the  true 
structure.  Under  the  point  mass  model,  therefore,  the 
structural  models  for  H^O  and  D^O  crystals  of  the  same  ice 
are  not  identical,  but  the  differences  are  in  fact  small. 

For  these  calculations,  the  potential  energy  due  to 
the  translational  vibrations  was  given  by 


i  up, 

l 


I  (k. 
i  j 


r  r 


r  .  r  . 
i  3 


+  Z 

k  £ 


(H0}  k£ ak 


e 


2 

k£ 


(5.14) 


where  the  intermolecular  coordinates  and  0k£  must  still 
be  specified  for  each  force  field.  In  equation  (5.14)  r^ 
is  the  displacement  of  distance  i,  6r£  is  the  change  in  the 
angle  formed  by  the  two  distances  of  equilibrium  lengths 
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a  and  a.,  (k  ) .  and  (H.)n  n  are  the  stretching  and  angle 
k  l  r  1  0  k£ 

deformation  force  constants,  and  (k  , ) . .  is  the  interaction 

r  r  13 

force  constant  between  two  stretching  coordinates.  Two  sets 

of  coordinates  were  used  with  the  true  structure  model 

(Table  5.6).  In  coordinate  set  A  the  r ^  were  0*0 

stretching  coordinates  and  the  0  ^  were  0**0*0  angle 

deformation  coordinates.  In  coordinate  set  AD  the  0^  were 

as  in  AOX,  but  the  r.  were  H**0  stretching  coordinates. 

1 

M  ,  ,  . 

Under  the  point  mass  model  the  coordinate  set  A  ,  which  is 
analogous  to  AOX,  is  used.  Thus,  the  r^  were  M**M  stretch¬ 
ing  coordinates  and  the  0  ^  were  M* • M • *M  angle  deformation 
coordinates . 

The  suitability  of  each  of  these  force  fields  depends 

on  its  ability  to  reproduce  the  translational  lattice  motions 

of  an  ice  without  introducing  significant  rotational 

character  into  the  eigenvectors  even  when  the  problem 

coordinates  include  the  rotational  symmetry  coordinates. 

Rotational  motion  is  not  possible  under  the  point  mass  model. 

It  is,  however,  possible  under  the  true  structure  model,  and 

therefore  both  coordinate  sets  A  and  A  were  tested 

(Section  5.5)  by  including  the  rotational  as  well  as  trans- 

T  R 

lational  symmetry  coordinates  in  U 

The  calculations  of  the  translational  and  rotational 
vibrations  together  are  reported  in  Sections  5.6  and  5.7. 

In  the  true  structure  model  (Table  5.6),  the  rigid  H^O  or 
D20  molecules  had  the  equilibrium  molecular  configurations 
of  the  true  crystal  structure,34  '39  and  thus  the  hydrogen 
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bonds  were  distorted  from  linearity  by  2  to  14°  for  ice  II 
and  by  5  to  15°  for  ice  IX.  In  the  linear  structure  model, 
each  hydrogen  or  deuterium  atom  was  repositioned  by  up  to 

o 

0.015  A  so  that  it  lay  on  the  line  joining  the  oxygen  atoms 
of  the  donor  and  acceptor  molecules  of  the  hydrogen  bond. 

To  ensure  that  the  calculated  rotational  vibrations 
uncoupled  from  the  translational  vibrations,  as  is 
observed  experimentally  (Section  3.5) ,  the  potential  energy 
due  to  the  rotational  vibrations  must  be  written  in  terms 
of  intermolecular  coordinates  that  reorient  the  H^O  or  D^O 
molecules  but  do  not  significantly  translate  them.  It  was 
not  obvious  which  coordinates  meet  this  requirement.  Four 
sets  of  coordinates  were  constructed  by  combining  the 
coordinate  set  A  ,  which  was  found  to  be  adequate  to 
describe  purely  translational  motion,  with  intermolecular 
coordinates  chosen  for  their  abilities  to  reorient  molecules. 

Coordinate  set  A  (H**0-H),  in  which  the  H**0-H  angle 
deformation  coordinates  were  the  intermolecular  coordinates 
for  reorientation,  was  used  with  both  structural  models. 
Coordinate  set  A  (0**0-H),  which  used  the  set  of  0**0-H 
angle  deformation  coordinates,  was  tested  with  the  true 
structure  model  only.  Under  both  AOX(H**0-H)  and  Aox(0**0-H) 
the  rotational  potential  energy  was  given  by 

2vr  -  k\aka*  ‘Vk*  *£*  <5-15> 

where  is  the  angle  deformation  coordinate  and  the 

meanings  of  the  symbols  are  the  same  as  in  equation  (5.14). 
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Coordinate  set  AOX(0-H*-0;  H-H ' )  used  the  O-H* -0  linear 
angle  deformation  coordinates  and  the  set  of  nearest- 
neighbour  H-H'  interactions  and  can  only  be  applied  to  the 
linear  structure  model.  Under  this  model  the  potential 
energy  was  given  by 


2  V  =  I 


R 


<haV* 


* 


k£ 


+  Ek 


H 


(5.16) 


where  r±  is  the  change  in  the  distance  between  the  ith  pair 
of  hydrogen  atoms  on  nearest-neighbour  water  molecules, 

^k£  is  the  °“H*‘°  angle  deformation  coordinate,  and  and 

^HA^k£  are  the  corresP°nding  force  constants.  (HA)k£  has 
the  dimensions  of  energy  in  equation  (5.16). 

Coordinate  set  A  (H-H'),  with  the  set  of  nearest- 

neighbour  H , H '  interactions,  was  used  with  the  true  structure 

model.  The  expression  for  the  rotational  potential  energy 
ox 

under  A  (H-H')  was  thus  the  second  summation  in  equation 
(5.16).  The  calculations  using  these  four  coordinate  sets 
are  reported  in  Section  5.6. 

A  fifth  coordinate  set,  CP,  expressed  all  of  the  inter- 
molecular  forces  as  interactions  between  the  oxygen  atoms, 
hydrogen  atoms  and  the  centers  of  negative  charge  (M  )  of 
hydrogen-bonded  nearest-neighbour  water  molecules.  The 
expression  given  by  Clementi  et  al137  for  the  potential 
energy  of  interaction  of  two  water  molecules  was  used  for 
this  calculation,  and  therefore  the  H-H',  H-M  ,  H-0,  0-0' 
and  M  -M  interactions  were  considered.  The  expression  for 
the  potential  energy  due  to  translational  and  rotational 
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vibrations  was  thus 

2V=Ikiri2  (5.17) 

i 

where  r^  is  the  change  in  the  interatomic  distance,  is 
the  second  derivative  of  the  potential  energy  with  respect 
to  the  interatomic  distance  of  interest,  and  the  summation 
is  over  all  interactions. 

5.5  Discussion  of  the  Calculations  of  the  Translational 
Vibrations  of  Ice  II  and  Ice  IX 
5.5.1  Ice  II 

Ice  II  crystallizes  with  twelve  molecules  in  the  unit 
cell,  on  two  non-equivalent  six-fold  sites  of  symmetry 
(Section  1.3).  Thus  the  structure  contains  four  non-equiv¬ 
alent  types  of  hydrogen  bonds  and  twelve  non-equivalent 
types  of  0**0*«0  angles  in  each  unit  cell. 

The  simplest  force  field  is  considered  first.  In  force 

field  T  a  single  force  constant  k  =0.22  mdyne  A  was 

1  r 

associated  with  all  twenty-four  hydrogen-bond  stretching 

0  - 1 

coordinates  and  a  second  force  constant  H  =0.0075  mdyne  A 

0 

associated  with  all  seventy-two  angle  deformation  coordinates 

(equation  (5.14));  the  stretch-stretch  interaction  force 

constant  k  ,  was  set  to  zero.  The  frequencies  that  were 
rr 

calculated  for  ice  II  with  two  structural  models  and  three 

ox  F)  M 

coordinate  sets  A  ,  A  and  A  are  listed  in  Table  5.7.  The 
problem  coordinates  were  limited  to  the  translational 
symmetry  coordinates.  For  this  and  all  other  calculations 
of  the  lattice  vibrations  of  ice  II  the  normal  coordinates 


. 
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Table  5.7 


Calculated  frequencies  for  ice  II,  with  A°X,  A°  and  A] 
and  with  translational  problem  coordinates. 


true  structure  model 

Point  mass  moded 

.  .  .a 

A°X 

ad 

am 

xorce  neid 

„II 

ko. 

O=0-22 

V 

0=0.22 

kM 

•M~°  * 22 

X1 

Vo 

Q=0 . 0075 

H 

0‘0» 

Q=0 . 0075 

H 

M*M 

=0.0075 

•M 

no . 

H2° 

d2° 

H2° 

d2° 

H2° 

D2° 

V  /v 

h'  d 

A 

g 

7 

278.6 

264.2 

278.2 

263.9 

279.4 

265.8 

1.051 

8 

208.5 

197.8 

206.4 

195.7 

209.0 

198.6 

1.052 

9 

164.5 

156.0 

164.3 

155.8 

163.4 

153.9 

1.062 

10 

102.8 

97.5 

100.9 

95.7 

102.6 

97.1 

1.057 

11 

87.3 

82.8 

87.4 

82.9 

88.2 

84.5 

1.044 

12 

78.6 

74.6 

79.3 

75.2 

78.8 

74.9 

1.052 

A 

u 

19 

297.8 

282.5 

299.6 

284.1 

297.6 

282.1 

1.055 

20 

254.0 

240.9 

254.3 

241.2 

254.9 

242.5 

1.051 

21 

222.0 

210.5 

222.0 

210.6 

220.9 

208.5 

1.059 

22 

154.4 

146.4 

156.2 

148.2 

154.2 

145.9 

1.057 

23 

122.9 

116.6 

121.6 

115.3 

122.2 

115.1 

1.062 

24 

0 

0 

0 

0 

0 

0 

• 

E 

g 

31 

286.0 

271.3 

287.7 

272.9 

286.5 

272.2 

1.053 

32 

237.8 

225.5 

237.4 

225.2 

237.7 

225.3 

1.055 

33 

196.4 

186.3 

194.9 

184.8 

196.0 

185.5 

1.057 

34 

177.3 

168.2 

179.1 

169.8 

176.5 

166.6 

1.059 

35 

94.4 

89.5 

94.0 

89.1 

94.2 

89.2 

1.056 

36 

66.7 

63.2 

66.3 

62.9 

66.7 

63.2 

1.055 

E 

u 

43 

249.3 

236.4 

251.4 

238.5 

249.8 

237.5 

1.052 

44 

241.5 

229.1 

239.0 

226.7 

242.4 

230.8 

1.050 

45 

190.7 

180.9 

189.9 

180.1 

190.0 

179.4 

1.059 

46 

134.9 

127.9 

133.7 

126.8 

133.9 

126.1 

1.062 

47 

110.5 

104.8 

110.7 

105.0 

110.5 

104.8 

1.054 

48 

0 

0 

0 

0 

0 

0 

_ 

on 

Units  are  mdyne  A 
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that  are  numbered  from  1  to  12  are  of  A  symmetry,  those 

9 

from  13  to  24  are  of  A^  symmetry,  those  from  25  to  36  are  of 

Eg  symmetry,  and  those  from  37  to  48  are  of  symmetry. 

Under  the  true  structure  model,  the  isotope  ratios  v  /v  are, 

n  u 

and  must  be,  equal  to  (n^ 2° /mD2° ) ^  =  1.0544  where  m^2°  is  the 
total  mass  of  an  H^O  molecule.  Under  the  point  mass  model 
the  isotope  ratios  are  1.05 ±  0.01,  the  range  apparently 
resulting  from  the  different  positions  of  the  center  of  mass 
in  1^0  and  D^O.  Clearly  (Table  5.7)  the  calculated  transla¬ 
tional  frequencies  are  nearly  the  same  under  all  of  the 
structural  models  and  coordinate  sets  considered  here. 

By  extending  the  set  of  problem  coordinates  to  include 
the  rotational  symmetry  coordinates,  the  molecules  are 
allowed  to  respond  to  forces  that  tend  to  reorient  them. 

The  effect  of  this  is  shown  in  Table  5.8,  with  force  field 

T1 1 .  When  no  reorienting  forces  are  included  in  a  force  field 
1 

the  first  six  frequencies  in  each  block  should  be  exactly 
zero  and  the  other  frequencies  should  be  the  same  with  and 
without  the  rotational  symmetry  coordinates.  This  was,  and 
must  be,  the  case  with  the  point  mass  model,  and  was  nearly 
the  case  with  coordinate  set  A  under  the  true  structure 
model,  but  it  was  far  from  true  with  coordinate  set  AD  under 
the  true  structure  model.  Thus  coordinate  set  A  was  used 
in  the  remainder  of  the  calculations  of  the  translational 
vibrations,  since  it  approached  a  description  of  purely 

M 

translational  motion  and,  in  contrast  to  coordinate  set  A 
under  the  point  mass  model,  could  be  expanded  to  include 
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Table  5.8 

Calculated  frequencies  and  isotope  ratios  for  ice  II,  with  A°*  and  AD 
and  with  translational  and  rotational  coordinates. 


A°x 

ad 

.OX 

A 

ad 

kO 

.O=0-22 

kD 

.O'0-22 

ko.o=0-22 

k.  =0 . 22 
D*0 

^0*0 

=0.0075 

•  U 

Ho.o 

=0.0075 
•  u 

Ho.o.o=0-0075 

Hq-o-o'0-0075 

no . 

H20 

d20 

V  /V 

W  D 

H2° 

D2° 

V  /V 

W  D 

no . 

H20  D20 

V  /V 

W  D 

H2°  D2° 

V  /V 

W  D 

A 

E 

g 

g 

l 

1.4 

1.6 

68.7 

50.1 

1.371 

25 

1.9  1.3 

41.4  31.6 

1.310 

2 

* 

* 

39.8 

30.6 

1.301 

26 

1.4  * 

28.8  21.3 

1.35 

3 

* 

* 

14.4 

10.5 

1.371 

27 

*  * 

14.0  10.1 

1.39 

4 

* 

* 

3.9 

2.8 

1.4 

28 

*  * 

3.4  2.5 

1.4 

5 

* 

★ 

* 

* 

- 

29 

*  * 

★  ★ 

- 

6 

* 

★ 

* 

* 

- 

30 

*  * 

*  * 

- 

7 

282.0 

270.6 

1.042 

306.3 

285.0 

1.075 

31 

288.3  275.6 

1.046 

305.4  286.9 

1.064 

8 

216.4 

212.3 

1.019 

258.8 

241.4 

1.072 

32 

242.3  234.1 

1.035 

266.6  248.2 

1.074 

9 

171.4 

168.7 

1.016 

185.5 

178.7 

1.038 

33 

203.7  199.7 

1.020 

226.2  214.5 

1.055 

10 

106.7 

104.7 

1.019 

106 . 8 

104.5 

1.022 

34 

181.6  175.4 

1.035 

211.0  194.9 

1.083 

11 

87.8 

83.5 

1.051 

93.4 

86.6 

1.079 

35 

97.8  95.6 

1.023 

99.9  96.8 

1.032 

12 

80.8 

78.4 

1.031 

87.1 

82.6 

1.054 

36 

69.3  67.9 

1.021 

69.8  68.0 

1.026 

Au 

Eu 

13 

2.2 

2.1 

55.0 

42.0 

1.310 

37 

2.1  1. 

8 

49.7  38.2 

1.301 

14 

1.0 

1.3 

36.1 

26.7 

1.352 

38 

1.4  * 

38.8  28.6 

1.357 

15 

* 

★ 

12.1 

8.7 

1.39 

39 

*  * 

22.6  16.3 

1.39 

16 

* 

* 

4.3 

3.1 

1.4 

40 

*  ★ 

6.8  4.8 

1.4 

17 

★ 

* 

* 

* 

- 

41 

*  ★ 

*  * 

18 

★ 

* 

* 

* 

- 

42 

★  ★ 

*  * 

19 

297.9 

282.6 

1.054 

309.0 

289.1 

1.069 

43 

253.3  244. 

3 

1.037 

287.9  266.6 

1.080 

20 

257.9 

248.1 

1.040 

278.3 

258.4 

1.077 

44 

246.1  237. 

3 

1.037 

271.7  254.9 

1.066 

21 

230.8 

226.8 

1.018 

255.0 

243.7 

1.046 

45 

196.3  190. 

7 

1.029 

211.5  200.0 

1.058 

22 

161.0 

158.4 

1.016 

196.0 

182.6 

1.073 

46 

140.6  138. 

3 

1.017 

156.3  147.2 

1.062 

23 

127.5 

124.7 

1.022 

128.5 

125.8 

1.021 

47 

113.9  110. 

8 

1.028 

115.4  112.0 

1.030 

24 

0 

0 

- 

0 

0 

- 

48 

0  0 

0  0 

*  -1 
less  than  1  cm 

»  - 1 

Units  of  force  constants  are  mdyne  A 
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intermolecular  coordinates  for  rotational  motion. 

The  infrared  and  Raman  intensities  of  the  normal 
coordinates  of  translation  were  calculated  with  BMBP ,  the 
program  described  in  Section  4.3.  The  eigenvectors  Lr 
required  for  use  with  BMBP  are  given  by 

R  =  L  Q  =  (B  T  LTR  (UTR)+)  L  Q  (5.18) 

~  ~  R  ~  ~  ~  ~  X  ~  ~  ^  ~ 

where  the  matrix  in  parentheses  is  given  by  the  program  AXSMZ, 

L  is  the  eigenvector  matrix  from  LSMX  and  is  defined  by 

~  s 

S  =  L  Q ,  R  and  S  are  the  vectors  of  intermolecular  and 

^  ^  s  ~  ~ 

symmetry  coordinates,  and  Q  is  the  vector  of  the  normal 

coordinates  of  the  crystal. 

The  infrared  intensities  calculated  under  force  field 

o  _ 

T^1  for  D^O  ice  II  are  given  in  Table  5.9  for  y'(r)  =1.44  DA 
and  y* (6)  =  0.0  D,  and  for  y' (r)  =  1.44  DA1  and 
y' (6)  =  0.26  D,  where  y' (r)  is  the  dipole  moment  derivative 

with  respect  to  bond  stretching  coordinates  r  and  y ' (0 )  is 
that  resulting  from  the  angle  deformation  coordinate  6 . 
Whalley151  has  estimated  that  y' (r)  is  about  1.44  D  A  .  If 
the  dipole  moment  change  on  displacement  of  an  oxygen  atom 
parallel  to  the  0*0  bond,  y'(r),  is  an  order  of  magnitude 

15  2 

larger  than  that  for  motion  perpendicular  to  the  bond, 
then  y ' (6 )  is  about  0.26  D  per  radian.  The  direction  of 
y • (0 )  was  taken  to  be  along  the  bisector  of  the  0--0--0  angle 
and  y' (r)  was  assumed  to  point  along  the  bond. 

The  polarizability  ellipsoids  were  assumed  to  be 
cylindrically  symmetrical  about  the  bonds  and  about  the 
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Table  5.9 

Calculated  frequencies  and  infrared  and  Raman  intensities 
for  D20  ice  II,  with  Aox  and  two  force  fields. 


II 


Force  field  T 

•  -  1  °  -  1 
kr=0.22  mdyne  A  ,  k0=O.OO75  mdyne  A 

_ Calculated  intensities3 

Raman 


Force  field  T 


II 


kr=0.22  mdyne  A 


-1 


infrared 


kE=0.0075  mdyne  A 
0  


<-0.022  mdyne  A 


p  (r ) 

a  (r ) 

no . 

vcalc 

p  (r ) 

+p  ( 6 ) 

a  (r ) 

+a  (6 ) 

vcalc 

7 

264  .2 

0 

0 

42.0 

18.8 

285.8 

8 

197.8 

0 

0 

45.1 

28.3 

213.4 

9 

156.0 

0 

0 

1.20 

1.30 

143.6 

10 

97.5 

0 

0 

0.74 

2.09 

96.6 

11 

82.8 

0 

0 

2.51 

0.15 

81.8 

12 

74.6 

0 

0 

5.82 

0.69 

74 . 7 

19 

282.5 

0.003 

0.004 

0 

0 

308.4 

20 

240.9 

0.014 

0.016 

0 

0 

262.4 

21 

210.5 

0.231 

0.228 

0 

0 

227.8 

22 

146.4 

0.497 

0.429 

0 

0 

137.2 

23 

116.6 

0.003 

0.016 

0 

0 

116.5 

24 

0 

0 

0 

0 

0 

0 

31 

271.3 

0 

0 

44  .4 

26.5 

294.0 

32 

225.5 

0 

0 

100  . 

100. 

238.5 

33 

186.3 

0 

0 

20.2 

27.9 

184 . 8 

34 

168.2 

0 

0 

43.1 

47.9 

157.2 

35 

89.5 

0 

0 

2.15 

21.0 

89.4 

36 

63.2 

0 

0 

0.29 

7.6 

63.3 

43 

236.4 

0.180 

0.180 

0 

0 

252.9 

l 

44 

229 . 1 

0.030 

0.032 

0 

0 

241.4 

45 

180.9 

0.966 

0.948 

0 

0 

170 . 1 

46 

127.9 

0.482 

0.442 

0 

0 

112.3 

47 

104  .8 

0.002 

0.004 

0 

0 

104.8 

48 

0 

0 

0 

0 

0 

0 

Calculated  intensities^ 


infrared 


P  (r ) 

0 

0 

0 

0 

0 

0 


004 
012 
226 
498 
0.008 
0 

0 

0 

0 

0 

0 

0 


.154 
,  240 
.736 
.526 
.004 
0 


W  ( r ) 

+  p  (6) 

0 

0 

0 

0 

0 

0 


005 
014 
223 
0.426 
0.024 
0 

0 

0 

0 

0 

0 

0 


.172 

.216 

.724 

.484 

.006 

0 


Raman 


a  (r) 

36.5 

43.6 
0.76 
0.84 
2.07 
5.15 

0 

0 

0 

0 

0 

0 

36.9 

100. 

24.5 

35.0 

2.08 

0.25 

0 

0 

0 

0 

0 

0 


a  (r ) 

+  a  (6) 

17.4 

30.0 

1.07 

2.17 

0.18 

0.41 

0 

0 

0 

0 

0 

0 

24.3 
100  . 

37.3 
45.9 
22.0 

8.3 

0 

0 

0 

0 

0 

0 


and  with  p(6)=0.0  D. 


tea  in  we  ... - -  • 

Those  in  the  column  headed  p(r)  +P<e>  were  calculated  with 
end  -  0.26  D.  The  *e»e„  intensities  ir,  the  coin™  needed  .1.1 

«:!  dd.t.d  with  »<»  .  20  end  a  n  <0.  -,<•>  ^ 

□  tr)  +  a (6)  were  celculeted  with  RP(r>  .  BP(9)  .  10  end  a  (1  r  °  1( 
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bisectors  of  the  0*«0*»0  angles.  There  is  at  present  no 

indication  of  the  magnitudes  of  the  elements  of  a'(r)  and 

a' (0) ,  the  polarizability  derivative  tensors  with  respect  to 

bond  stretching  and  angle  deformation  coordinates.  The 

relative  Raman  intensities  calculated  for  D^O  ice  II  under 

force  field  T^1  are  given  in  Appendix  IV  for  RP(r)  =2,  5,  10 

and  20  with  a^'  (  9  )  =  a'  (0)  =  0.0f  where  RP(r)  =  a  ^  ( r )  /  a'(r). 

It  is  clear  from  Appendix  IV  that  the  relative  intensities 

were  rather  insensitive  to  RP(r)  for  RP(r)  between  5  and  20. 

A  value  of  RP(r)  =  10  was  somewhat  arbitrarily  chosen  for 

further  calculations,  and  the  same  value  was  assumed  for 

RP ( 0 ) .  The  calculated  Raman  intensities  are  given  in  Table 

5.9  for  RP(r)  =10  with  a (  0  )  =  a  '  (  6  )  =  0.0,  and  for 

RP  ( r )  =RP  (  0  )  =10  with  a'(r)  =  a ',  (  0  )  . 

Force  field  T^1  is  the  same  as  T^1,  but  the  stretch- 

stretch  interaction  force  constant  k  ,  was  -0.022  mdyne  A  . 

r  r 

Only  the  interactions  between  0**0  bonds  with  a  common 

oxygen  atom  were  considered,  and  the  seventy-two  of  these  in 

ice  II  were  assumed  to  be  equivalent.  The  frequencies  and 

the  infrared  and  Raman  intensities  calculated  for  D„0  ice  II 

»  2 

are  given  in  Table  5.9.  The  range  of  frequencies  above  -120 
cm-'*'  in  each  block  was  greater  by  26  to  33  %  under  T^1  than 
under  T*1  but  the  intensities  under  T*1  and  T^ 1  were  very 
similar.  In  fact,  other  calculations  with  kr  between  0.20 
and  0.30  mdyne  A  1  and  Hq  between  0.0050  and  0.0075  mdyne  A-1 
showed  the  calculated  intensities  to  be  much  less  sensitive 
than  the  calculated  frequencies  to  the  force  field.  The 
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symmetrized  eigenvectors  calculated  with  force  fields  T^ 
and  are  given  in  Appendix  V  and  are  quite  similar. 

The  observed  infrared132  and  Raman  spectra  of  the 
translational  vibrations  of  D^O  ice  II  are  compared  in 
Figure  5.1  to  three  of  the  calculated  spectra  from  Table  5.9. 
Table  5.10  shows  the  assignment  that  is  deduced  from  this 
comparison,  for  force  fields  T^1  and  T*1. 

The  assignment  of  the  infrared  spectrum  is  largely 
unambiguous  and  the  simpler  force  field  T^  fits  the  data 
better  than  T*1.  Differences  in  detail  exist,  of  course, 
because  the  force  field  and  intensity  models  are  exceedingly 
simple.  The  only  difference  that  is  particularly  disturbing 
is  the  factor  of  about  100  between  the  calculated  and 
experimental  intensities  at  106  cm  and  a  similar  factor, 
about  30,  between  the  intensities  at  284  cm  1.  Of  less,  but 
still  some,  concern  is  the  inability  to  explain  the  shoulders 
at  185  and  205  cm-1.  Otherwise  the  frequency  and  intensity 
fit  is  good  enough  to  suggest  that  the  assignment  under  T^ 

in  Table  5.10  is  essentially  correct. 

The  assignment  of  the  Raman  spectrum  under  force  field 
T^1  is  also  acceptable  (Table  5.10).  It  is  usually  easy  to 
assign  the  experimental  features  to  a  vibration  of  the 
symmetry  that  was  deduced  from  the  polarization  measurements. 
The  only  major  defects  are  the  frequency  mismatch  of  ~13  % 
between  the  experimental  features  at  148,  257  and  310  cm  , 
and  the  calculated  frequencies  for  modes  34,  32  and  31,  to 
which  they  are  assigned.  Force  field  T2  corrects  this 
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Figure  5.1 


Observed  and  calculated  infrared  and  Raman  spectra 
of  the  translational  vibrations  of  ice  II. 
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Table  5.10 

Assignment  of  the  infrared  and  Raman  spectra  due  to 
translational  vibrations  of  D^O  ice  II  at  10  K. 


observed 

calculated 

rrJI 

T2 

,  -1 
v/cm 

intensity 

Pa 

modeb 

v/cm  ^ 

intensity 

c  .  b 

mode 

v/cm  1 

intensity0 

infrared 

. 

106 

m 

47 

105 

0.003 

- 47 

105 

0.005 

23 

117 

0.01 

135 

m 

46 

128 

0.4 

- 46 

112 

0.5 

23 

116 

0.01 

149 

m 

22 

146 

0.4 

- 22 

137 

0.4 

182 

s 

45 

181 

1.0 

- 45 

170 

0.7 

185 

sh 

195 

w 

21 

210 

0.2 

- 21 

228 

0.2 

205 

sh 

44 

229 

0.03 

- 44 

241 

0.2 

234 

s 

—  ~  —  __  __ 

43 

236 

0.2 

248 

w 

20 

241 

0.01 

- 43 

253 

0.2 

20 

262 

0.01 

284 

w 

19 

282 

0.003 

- 19 

308 

0.05 

Raman : 

69 

in 

En - 

- 36 

63 

0.3-8 

- 36 

63 

0.2-8 

g 

12 

75 

6-1 

12 

75 

5-0.4 

11 

83 

2-0.1 

11 

82 

2-0.2 

35 

90 

2-20 

- 35 

89 

2-20 

100 

m 

V*V’ 

-  -  10 

98 

1 

- 10 

97 

1 

9 

156 

1 

9 

144 

1 

148 

s 

Eg - 

- 34 

168 

45 

- 34 

157 

40 

182 

m 

E(+A  ?) 

- 33 

186 

25 

- 33 

185 

30 

195 

ms 

g  g 

A - 

g 

198 

35 

- 8 

213 

40 

245 

sh 

257 

ms 

E - 

225 

100 

- 32 

239 

100 

273 

w 

9 

A - 

- 7 

264 

30 

- 7 

286 

25 

310 

w 

Eg(+Ag?) 

- 31 

271 

30 

- 31 

294 

30 

a  Vibrational  symmetry  deduced  from  polarization  data. 

b  Modes  7  to  12  are  Ag,  19  to  24  are  Au.  31  to  36  are  Eg.  and  43  to  48  are  Eu- 

c  Infrared:  dkO£/3Qk)2,  where  dk  is  the  degeneracy  of  the  vibration  and  the  units 

o-l  -k 

are  D  A  (amu) 
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defect  to  some  extent  but  worsens  the  overall  fit  to  the  two 
spectra . 

It  is  concluded  that  the  calculated  spectra  of  ice  II 
agree  well  with  the  observed  spectra  in  view  of  the  extremely 
simple  force  fields  and  intensity  models  that  were  used. 

Table  5.10  is  believed  to  give  an  assignment  that  gives  a 
useful  indication  of  the  origin  of  the  spectra  even  if  the 
details  are  modified  by  future,  more  sophisticated  calcula¬ 
tions.  There  is  little  merit  to  using  more  complicated 
parametric  force  fields  because  the  values  of  the  parameters 
can  not  be  supported  by  independent  evidence.  Thus  future 
calculations  to  extend  this  work  will  probably  be  most 
satisfactory  if  they  are  based  on  one  of  the  many  intermolec- 
ular  potentials  for  water-water  interactions  that  are  being 
developed  by  other  methods.137'153'154 

5.5.2  Ice  IX 

Ice  IX  contains  twelve  molecules  in  the  unit  cell,  on 

one  eight-fold  site  of  C-^  symmetry  and  one  four-fold  site  of 

C2  symmetry  (Section  1.3).  Thus  it  has  three  non-equivalent 

types  of  hydrogen  bonds  and  ten  non-equivalent  types  of 

IX 

0**0*0  or  M*  *M  angles.  In  force  field  T^  ,  a  single 

o  _  1 

force  constant  kr  =0.20  mdyne  A  was  used  for  all  of  the 
three  types  of  hydrogen-bond  stretching  coordinates  and 
H„  =0.0075  mdyne  A  was  used  for  all  ten  types  of  angle 
deformation  coordinates. 

IX 

The  frequencies  calculated  with  T^  and  the  transla- 
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tional  problem  coordinates  are  given  in  Table  5.11  for  coord- 

•  OX 

mate  set  A  under  the  true  structure  model  and  for  coordin- 
M 

ate  set  A  under  the  point  mass  model.  Normal  coordinates 
of  ice  IX  that  are  numbered  from  1  to  8  are  of  A^  symmetry, 
from  9  to  18  are  of  A^  symmetry,  from  19  to  28  are  of 
symmetry,  from  29  to  36  are  of  symmetry,  and  from  37  to 
54  are  of  E  symmetry.  The  isotope  ratios  v„/vn  of  the  trans- 
lational  vibrations  of  ice  IX  were  1.0544  under  the  true 
structure  model,  as  for  ice  II,  and  1.05  ±  0.02  under  the 
point  mass  model.  The  true  structure  model  with  coordinate 
set  A  was  used  in  all  further  calculations  of  ice  IX 
reported  in  this  and  the  following  section.  The  Raman  inten¬ 
sities  calculated  with  RP(r)  =2,  5,  10  and  20  are  given  in 
Appendix  IV.  As  for  ice  II,  the  relative  Raman  intensities 
were  rather  insensitive  to  RP(r)  for  RP(r)  between  5  and  20, 
and  so  a  value  of  RP(r)  =10  was  arbitrarily  chosen  for 

further  calculations.  The  infrared  and  Raman  intensities 

IX 

calculated  under  force  field  T^  and  the  true  structure 
model  are  given  in  Table  5.12,  where  the  values  of  y '  (r)  , 
p '  (e ) ,  a'(r)  and  a'  (6)  were  the  same  as  used  for  ice  II  in 
Table  5.9. 

IX 

Force  field  T 2  used  a  single  force  constant  for  the 
0..0..0  angle  deformation  coordinates,  but  three  force 
constants  for  the  hydrogen-bond  stretching  coordinates.  To 
reflect  the  relative  strengths  of  the  hydrogen  bonds,  those 

O  o 

for  which  the  oxygen-oxygen  distances  are  2.7504  A,  2.7628  A, 
and  2.7971  A  were  assigned  force  constants  of  0.21,  0.20  and 
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Table  5.11 


ox  M 

Calculated  frequencies  for  ice  IX,  with  A  and  A 
and  with  translational  problem  coordinates. 


true  structure 

model 

point 

mass  model 

AOX 

tree 

field3 

k0* 

.o  =  0* 

20 

kM 

M* 

•M  =  0- 

20 

rrIX 

T1 

R0- ‘0* 

•0  =  °* 

0075 

hm*  *m* 

M  =  o. 

•M 

0075 

no . 

H20 

D20 

VH/VD 

h2o 

d2o 

VH/VD 

A1 

5 

260.8 

247.4 

1.054 

263.7 

252.0 

1.046 

6 

181.2 

171.9 

1.054 

180.5 

170.6 

1.058 

7 

100.5 

95.3 

1.055 

99.9 

94.4 

1.058 

8 

85.5 

81.0 

1.056 

88.1 

85.5 

1.030 

A, 

14 

238.6 

226.3 

1.054 

237.7 

224.8 

1.057 

15 

220.6 

209.3 

1.054 

220.5 

209.0 

1.055 

16 

145.7 

138.2 

1.054 

143.6 

134.5 

1.068 

17 

78.3 

74.3 

1.054 

79.6 

76.6 

1.039 

18 

0 

0 

- 

0 

0 

— 

B, 

24 

253.2 

240.2 

1.054 

249.8 

234.3 

1.066 

1 

25 

207.4 

196.7 

1.054 

207.1 

197.0 

1.  051 

26 

201.4 

191.0 

1.054 

202.4 

191.7 

1.056 

27 

105.8 

100.3 

1.055 

105.0 

99.0 

1.061 

28 

64.1 

60.8 

1.054 

64.4 

61.2 

1.052 

B2 

33 

34 

255.0 

223.5 

241.  8 

212.0 

1.055 

1.054 

253.1 

228.0 

238.7 

219.6 

1.060 

1.038 

35 

169.8 

161.1 

1.054 

169.3 

160.0 

1.058 

36 

83.4 

79.1 

1.054 

83.4 

79.2 

1.053 

46 

254.1 

241.0 

1.054 

255.6 

243.8 

1.048 

47 

246.5 

233.8 

1.054 

246.0 

232.7 

1.057 

48 

225.2 

213.6 

1.054 

224.5 

212.4 

1.057 

49 

213.  1 

202.1 

1.054 

213.4 

202.9 

1.052 

50 

168.0 

159.3 

1.055 

167.3 

157.9 

1.060 

51 

150.4 

142.6 

1.055 

150.6 

142.7 

1.055 

52 

92.7 

88.0 

1.053 

91.4 

85.6 

1.  068 

53 

75.7 

71.8 

1.054 

76.1 

72.5 

1.050 

54 

0 

0 

0 

0 

are  mdyne 

°-l 

Units 

A 
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Table  5.12 

Calculated  frequencies  and  infrared  and  Raman  intensities 
of  the  translational  vibrations  of  D^O  ice  IX, 
with  Aox  and  two  force  fields. 


Force  field  : 

i  °- 1 

kr=0.20  mdyne  A  ,  Hg=  0.0075  mdyne  A 
Calculated  intensities9 


Force  field  T 
O-l 

mdyne  A  , 


2  :  kr=0.19  to  0.21 
Hg=0.0075  mdyne  A  ^ 
Calculated  intensities 


a 


infrared 

Raman 

infrared 

Raman 

no. 

vcalc 

P  (r) 

P  (r) 

+  P  (6) 

a  (r) 

a  (r) 

+a  (6 ) 

Vcalc 

P  (r) 

P  (r) 

+  P  (6) 

a  (r ) 

a  (r) 

+a  (8 ) 

A1 

5 

247.4 

0 

0 

32.8 

53.6 

246.8 

0 

0 

29.7 

49.0 

6 

171.9 

0 

0 

4.1 

1.50 

171.3 

0 

0 

3.  9 

0.78 

7 

95.3 

0 

0 

27.3 

28.9 

95.3 

0 

0 

25.6 

26.0 

8 

81.0 

0 

0 

26.6 

2.3 

81.3 

0 

0 

24.2 

2.0 

A2 

14 

226.3 

0.234 

0.260 

0 

0 

225.2 

0.090 

0.108 

0 

0 

15 

209.3 

1.045 

1.005 

0 

0 

208.0 

1. 197 

1. 167 

0 

0 

16 

138.2 

0.074 

0.112 

0 

0 

139.1 

0.064 

0.099 

0 

0 

17 

74.3 

0.008 

0.017 

0 

0 

74.1 

0.009 

0.019 

0 

0 

18 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

E, 

24 

240.2 

0 

0 

0.014 

0.096 

243.9 

0 

0 

0.006 

0.016 

1 

25 

196.7 

0 

0 

22.2 

13.2 

192.8 

0 

0 

66.2 

43.2 

26 

191.0 

0 

0 

60.2 

42.7 

191.5 

0 

0 

9.0 

7. 5 

27 

100.3 

0 

0 

0.38 

0.16 

100.4 

0 

0 

0.31 

0.126 

28 

60.8 

0 

0 

0.36 

4.43 

60.8 

0 

0 

0.  32 

4.0 

B0 

33 

241.8 

0 

0 

2.1 

2.5 

245.0 

0 

0 

2.8 

2 . 5 

2 

34 

212.0 

0 

0 

10.7 

1.18 

211.4 

0 

0 

8.6 

0.75 

35 

161.1 

0 

0 

1.4 

0.013 

159.6 

0 

0 

1.  56 

0.019 

36 

79.1 

0 

0 

0.057 

0.002 

79.2 

0 

0 

0.046 

0.002 

E 

46 

241.0 

0.032 

0.036 

3.4 

6.0 

241.5 

0.026 

0.034 

4.3 

7.0 

47 

233.8 

0.050 

0.038 

3.3 

4.7 

236.3 

0.058 

0.044 

5.  5 

7. 3 

48 

213.6 

0.122 

0.202 

100. 

100. 

209.9 

0.126 

0.192 

100. 

100. 

49 

202.1 

0.008 

0.044 

21.5 

25.6 

201.8 

0.006 

0.042 

8.4 

10.7 

50 

159.3 

1.078 

1. 152 

6.0 

1.23 

160.3 

1.046 

1. 130 

5.3 

1.11 

51 

142.6 

0.276 

0.302 

0.43 

5.6 

142.3 

0.302 

0.332 

0.040 

3.4 

52 

88.0 

0.016 

0.034 

0.41 

5.0 

88.0 

0.014 

0.032 

0.27 

5.1 

53 

71.8 

0.002 

0.001 

2.0 

25.1 

71.  8 

0.002 

0.001 

1.86 

22.6 

54 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

a 

The 

infrared 

intensities  in 

the  column 

headed  p (r) 

were  calculated 

with  p' 

It 

h-* 

•U 

°  -  1 

D  A 

and  vj'(6)  =0.0  D.  Those  in  the  column  headed  p(r)  +  p(6)  were  calculated  with 
p'(r)  =1.44  D  A-1  and  p'(6)  =0.26  D.  The  Raman  intensities  in  the  column  headed  a(r) 
were  calculated  with  RP(r)  =10  and  a',  (6)  =aV<6)  =0.  Those  in  the  column  headed 
a(r)  +o(6)  were  calculated  with  RP(r)  =RP(6)  =10  and  a (r)  =  a (6)  =1. 
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0.19  mdyne  A  respectively.  The  frequencies,  and  infrared 

and  Raman  intensities  calculated  under  force  field  are 

given  in  Table  5.12.  The  frequencies  and  intensities  were 

IX 

similar  to  those  calculated  under  force  field  T^  ,  with  the 

greatest  changes  occurring  to  modes  25  and  26  which  apparently 

switch  positions.  The  symmetrized  eigenvectors  from  force 
IX  IX 

fields  T^  and  T^  are  given  in  Appendix  V. 

The  observed  infrared132  (Figure  1.12)  and  Raman 
(Figure  3.16)  spectra  of  the  translational  vibrations  of  D^O 
ice  IX  are  compared  in  Figure  5.2  with  three  of  the  calculated 
spectra  from  Table  5.12,  and  the  observed  frequencies  are 
assigned  in  Table  5.13. 

The  infrared  spectrum  can  be  readily  assigned  up  to 
250  cm  1  except  for  the  shoulders  at  159,  187  and  234  cm 
The  two  highest-f requency  features,  at  275  and  295  cm  1 ,  can 
not  be  assigned  reasonably.  The  calculated  modes  that  are 
not  assigned  to  spectral  features  are  calculated  to  have  very 
low  intensities.  The  main  defect  in  the  calculated  spectrum 
is  the  intensity  calculated  near  73  cm"1,  which  should  be 
about  ten  times  larger  than  it  is.  Otherwise  the  main 
spectral  features  are  reproduced  rather  well. 

All  of  the  features  in  the  Raman  spectrum  can  be  readily 
assigned  to  calculated  modes  of  the  correct  relative  intensity 
(within  a  factor  of  about  3) ,  except  for  the  highest-  and 
lowest-f requency  features,  at  297  and  34  cm  1.  The  latter 
is  a  very  low-frequency  0»»0»»0  deformation  vibration  in  a 
large  unit  cell,  and  it  is  likely  that  the  omission  of 
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Figure  5.2  Observed  and  calculated  infrared  and  Raman  spectra 

of  the  translational  vibrations  of  D20  ice  IX. 
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Table  5.13 

Assignment  of  the  infrared  and  Raman  spectra  due  to 
translational  vibrations  of  DjO  ice  IX  at  10  K. 


observed 


calculated 


infrared : 


Raman : 


,  -1 

'/cm 

intensity 

mode8 

v/cm 

1 

intensity^ 

mode8 

v/cm-^ 

intensityb 

53 

72 

0.002 

53 

72 

0.002 

71 

mw - - 

-  17 

74 

0.01 - 

-  17 

74 

0.01 

52 

88 

0.02 

52 

88 

0.03 

16 

138 

0.1 - 

-  16 

139 

0.1 

137 

s  —  H  _ 

51 

143 

0.3 - 

-  51 

142 

0.3 

159 

sh 

161 

B  —  —  —  • 

-  50 

159 

1.1 - 

-  50 

160 

1.1 

187 

sh 

49 

202 

0.02 

49 

202 

0.04 

205 

s - - 

-  15 

209 

1.0 - 

-  15 

208 

1.2 

208 

sh  —  —  —  • 

-  48 

214 

0.1 - 

-  48 

210 

0.2 

234 

sh 

246 

s - —  ■ 

-  14 

226 

0.25 - 

-  14 

225 

0.1 

47 

234 

0.05 

47 

237 

0.06 

46 

241 

0.04 

46 

241 

0.03 

275 

w 

295 

sh  or  w 

34 

w 

28 

62 

0.4-4 

28 

61 

0.3-4 

71 

in - — 

-  53 

72 

2-25 - 

-  53 

72 

2-23 

36 

79 

0.06 

36 

79 

0.01 

74 

mw  —  —  — 

-  8 

81 

27-2 - 

-  8 

81 

24-2 

85 

w  —  —  — 

-  52 

88 

0.4-5 - 

-  52 

88 

0.3-5 

99 

m  —  —  — 

-  7 

95 

29  - 

-  7 

95 

26 

27 

100 

0.3 

27 

100 

0.2 

51 

143 

0.4-6 

51 

142 

0.04-3 

50 

159 

6-1 

50 

160 

5-1 

35 

161 

1-0.01 

35 

160 

2-0.02 

174 

w  —  —  — 

-  6 

172 

3  - 

-  6 

171 

2 

-  26 

191 

50  - 

-  26 

191 

8 

184 

s  ^  _ 

-  25 

197 

20  - 

-  25 

193 

50 

190 

sh  —  —  — 

-  49 

202 

20  - 

-  49 

202 

9 

-  34 

212 

11-1 - 

-  48 

210 

100 

204 

s  _  _ 

_  48 

214 

100  - 

-  34 

211 

9  -0.08 

47 

234 

4 

47 

236 

6 

24 

240 

0.1 

46 

241 

5 

46 

241 

5 

24 

244 

0.01 

33 

242 

2 

33 

245 

3 

234 

w  —  —  — 

-  5 

247 

40  - 

-  5 

247 

40 

297 

w 

a  Modes  5  to  8  have 

33  to  36  have  B 2, 

A^  symmetry, 

and  46  to  54 

14  to  18  have  A2 , 

have  E. 

2  4  to 

28  have 

r 

Infrared : 


are  D  A 


dkO^/3Qk)  ,  where  d^  is  the  degeneracy  of  mode  k. 
-L 

(amu) 


The  units 
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second-  and  third-nearest  neighbour  interactions  affects  it 
strongly.  The  297  cm  ^  mode  presents  the  same  problem  as 

for  ice  Ih  (Section  1.5),  and  for  ice  IX  it  may  or  may  not 
be  a  fundamental.  The  calculations  do  explain  why  twenty- 
one  translational  vibrations  are  not  observed  spectroscopic¬ 
ally,  giving  very  low  intensities  to  several  modes  and  group¬ 
ing  others  together. 

As  was  the  case  for  ice  II,  the  calculations  are 
believed  to  reproduce  the  spectra  very  well  for  such  simple 
models,  and  to  yield  a  useful  assignment.  More  sophisticated 
force  fields  will  have  to  be  supported  by  independent  evidence 
before  their  use  to  improve  upon  the  assignment  in  Table  5.13 
is  justified. 

5.5.3  LO-TO  Splitting  of  the  Translational  Vibrations  of 

Ices  II  and  IX 

The  longitudinal  optic  frequencies  of  the  infrared- 
active  translational  vibrations  of  ice  II  and  IX  were  calcu¬ 
lated  from  the  frequencies  of  the  transverse  optic  modes, 
the  dipole  moment  changes  with  respect  to  the  normal  coord¬ 
inates,  and  equations  (4.9)  and  (4.10).  They  are  listed  in 
Table  5.14.  The  frequencies  of  the  transverse  optic  modes 
are  the  observed  frequencies,  as  assigned  in  Tables  5.10  and 
5.13,  or  were  estimated  from  the  calculated  frequencies. 

The  dipole  moment  derivatives  that  were  used  are  the  averages 
of  the  four  values  calculated  under  two  force  fields  in 
Tables  5.9  and  5.12.  The  longitudinal  optic  modes  are 
observable  only  in  the  Raman  spectrum,  so  only  the  LO  modes 


223 


Table  5.14 


Calculated  LO  -  TO  splittings  of  the  infrared-active 
translational  vibrations  of  D^O  ices  II  and  IX. 


Mode 

TO 

v  =v  , 
obs 

Oy/8Qk)2 

LO 

V 

LO  TO 

v  -  V 

Ice 

II 

A 

u 

19 

285 

0.004 

285.0 

0 

20 

248 

0.014 

248.2 

0 

21 

195 

0.227 

199 

4 

22 

149 

0.463 

158 

9 

23 

116 

0.013 

116.3 

0 

24 

0 

0 

F 

43 

240 

0.086 

241 

1 

u 

44 

234 

0.065 

235 

1 

45 

182 

0.422 

189 

7 

46 

135 

0.242 

140.5 

5 

47 

106 

0.004 

106 

0 

48 

0 

0 

Ice 

IX 

^2 

14 

246 

0.173 

248 

2 

15 

205 

1.  104 

221 

16 

16 

137 

0.087 

139 

2 

17 

71 

0.013 

71.6 

0 

18 

0 

0 

E 

46 

298 

0.016 

298 

0 

47 

275 

0.024 

275 

0 

48 

205 

0.080 

206 

1 

49 

190 

0.012 

190 

0 

50 

162 

0.551 

172 

10 

51 

137 

0.151 

140 

3 

52 

85 

0.012 

85 

0 

53 

71 

0.001 

71 

0 

54 

0 

0 
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of  the  E  vibrations  of  ice  IX  may  be  observed.  However, 
of  these  vibrations,  LO-TO  splittings  greater  than  1  cm-'*' 
occur  only  for  v^q(E)  and  v^^(E),  and  neither  of  these  was 
calculated  to  Raman-scatter  strongly  enough  to  contribute  to 
observed  peaks  in  the  Raman  spectra.  Thus,  as  for  the  spectra 
of  the  0-D  stretching  vibrations  (Section  4.5)  no  observed 
feature  in  the  spectra  of  the  translational  vibrations  of 
ice  IX  can  be  assigned  exclusively  to  a  longitudinal  optic 
mode. 

In  Section  4.5  it  was  suggested  that  the  breadth  of 
the  absorption  due  to  the  0-D  stretching  vibrations  of  ice  II 
and  ice  IX  is  caused  by  the  LO-TO  splittings  of  many  of  the 
infrared-active  vibrations,  which  were  calculated  to  be  large. 
The  peaks  of  the  far-infrared  spectra  of  these  ices,  however, 
are  sharper,  and  in  fact  the  sharpness  of  these  features  has 
served42  as  an  indicator  of  the  degree  of  order  of  the  ice. 

The  calculated  LO-TO  splittings  of  the  translational  vibra¬ 
tions  are  much  smaller  than  those  of  the  0-D  stretching 
vibrations  (Table  4.5),  which  is  consistent.  The  quantitative 
usefulness  of  Table  5.14  is,  of  course,  questionable  in  light 
of  the  obvious  defects  of  the  frequency  and  intensity  calcu¬ 
lations  (Figures  5.1  and  5.2)  and  the  approximations  of  the 
bond  moment  calculations.  However  the  largest  calculated 
LO-TO  splitting,  which  is  about  15  cm  \  can  be  regarded  as 
a  reasonable  estimate  of  the  maximum  splitting  that  would  be 
observed  for  any  of  the  infrared-active  translational  vibra¬ 
tions  of  ice  II  or  ice  IX. 
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5.6  Calculations  of  the  Translational  and  Rotational 
Vibrations  of  Ices  II  and  IX  using  Parametrized 

Potential  Functions 

For  these  calculations,  the  potential  energy  due  to 
the  lattice  vibrations  was  expressed  in  terms  of  hydrogen- 
bond-stretching  coordinates,  angle-deformation  coordinates 
and  interatomic  hydrogen-hydrogen  interaction  coordinates. 

As  discussed  in  Section  5.4,  the  four  sets  of  intermolecular 
coordinates  that  are  reported  in  this  section  were  constructed 
from  coordinate  set  A  (Section  5.5)  and  a  set  of  intermolec¬ 
ular  coordinates  that  describes  mainly  rotational  motion. 

In  coordinate  set  A  (H»»0-H),  the  reorientational 
motion  was  described  by  the  forty-eight  H»»0-H  valence  angle 
bending  coordinates  of  one  unit  cell  of  either  ice.  There 
are  eight  different  types  of  H»»0-H  angles  in  ice  II  and  six 
types  in  ice  IX,  but  the  simplest  possible  force  field  was 

assumed.  Therefore  the  same  force  constant  H  (equation 

4> 

(5.15))  was  used  for  all  of  the  H-«0-H  deformation  coordin¬ 
ates  of  the  ice. 

The  frequencies  that  were  calculated  for  ice  II  under 

the  true  structure  model  and  coordinate  set  A  (H-«0-H)  with 

H  =0.160  mdyne  A-1  and  k  and  HQ  as  in  T*1  (Table  5.9)  are 
<f>  r  6  I 

given  in  Table  5.15.  The  isotope  ratios  of  the  six  highest— 
frequency  normal  coordinates  of  each  block  are  ~1.35,  except 
for  modes  5,  6,  17,  18,  29,  30  and  42.  The  low  isotope 
ratios  for  these  modes,  and  the  eigenvectors,  show  consider¬ 
able  translational  character  in  addition  to  the  predominantly 


1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 
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Table  5.15 

Calculated  frequencies  of  the  translational  and 
rotational  vibrations  of  the  true  structure  model 

OX 

of  ice  II,  with  coordinate  set  A  (H**0-H) 


H2°a 

V* 

V  /V 

H  D 

no. 

H2°a 

D2°a 

V  /V 

W  D 

1162.0 

847.2 

1.372 

E  25 

q 

1162.8 

837.9 

1.388 

1133.2 

813.6 

1.393 

26 

922.7 

690.5 

1.336 

1015.4 

732.5 

1.386 

27 

893.7 

671.3 

1.331 

912.3 

673.9 

1.354 

28 

743.8 

550.7 

1.351 

672.2 

515.3 

1.304 

29 

651.9 

502.0 

1.299 

514.3 

441.0 

1.166 

30 

463.9 

364.2 

1.274 

270.7 

247.3 

1.095 

31 

290.3 

265.6 

1.093 

204.0 

184.1 

1.108 

32 

240.0 

222.7 

1.078 

160.5 

143.4 

1.120 

33 

190.2 

173.3 

1.098 

137.9 

128.7 

1.071 

34 

172.8 

159.4 

1.084 

105.1 

96.9 

1.085 

35 

94.6 

83.0 

1.140 

75.8 

68.4 

1.108 

36 

67.8 

62.7 

1.081 

1065.7 

782.2 

1.362  E 

u 

37 

1173.5 

842.8 

1.392 

997.3 

737.9 

1.352 

38 

1042.0 

758.3 

1.374 

797.4 

591.0 

1.349 

39 

1011.7 

741.5 

1.364 

766.4 

572.9 

1.338 

40 

803.7 

611.6 

1.314 

560.5 

435.2 

1.288 

41 

752.3 

567.3 

1.326 

437.2 

355.2 

1.231 

42 

423.9 

361.8 

1. 172 

298.6 

277.3 

1.077 

43 

250.2 

231.7 

1.080 

256.4 

241.0 

1.064 

44 

238.4 

218.0 

1.094 

220.3 

199.9 

1.102 

45 

186.6 

171.1 

1.091 

154.5 

137.5 

1.124 

46 

143.2 

131.4 

1.090 

99.4 

82.3 

1.208 

47 

106.4 

88.2 

1.206 

0 

0 

— 

48 

0 

0 

field : 

k  =  0.22 
r 

°-l 

mdyne  A  ,  Hq  = 

0.0075  mdyne 

A’1. 

°-l 

H.  =  0.160  mdyne  A 

4> 
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rotational  nature  of  these  modes.  The  isotope  ratios  of 

-1.10  of  many  of  the  six  lowest-f requency  normal  coordinates 

of  each  block,  and  their  eigenvectors,  show  these  normal 

modes  to  be  predominantly  translational  but  with  non-negli- 

gible  contributions  from  rotational  motion.  Similar  results 

* 

were  calculated  with  H  less  than  0.16  mdyne  A  1 ,  except 

4> 

that  the  isotope  ratios  of  the  rotational  vibrations  are 
lower  and  those  of  the  translational  vibrations  are  greater 
than  those  calculated  with  =0.16  mdyne  A"1.  With 
greater  than  0.16  mdyne  A=1  the  isotope  ratios  might  approach 
the  correct  values  but  the  range  of  calculated  rotational 
frequencies  would  be  higher  than  the  observed  range  of 
frequencies . 

Similar  mixing  of  the  normal  modes  was  found  for  ice  IX 
with  A°X (H* • O-H) .  The  frequencies  and  isotope  ratios  that 
were  calculated  with  =0.16  mdyne  A-1  and  kr  and  HQ  as  in 
T^X  (Table  5.12)  for  both  the  true  and  linear  structure 
models  (Table  5.6)  are  given  in  Appendix  VI.  Frequency 
differences  of  up  to  45  cm'1  for  modes  2,  4,  12  and  40,  and 
of  up  to  20  cm'1  for  the  others,  result  from  the  different 
structural  models.  Although  the  calculated  frequencies  were 
not  independent  of  the  structural  model,  the  isotope  ratios 
in  Appendix  VI  show  that  the  amount  of  mixing  of  translational 
and  rotational  motions  was  very  similar  for  both  structural 
models.  Thus,  calculations  with  the  linear  structure  model 
can  be  useful  although  the  details  of  the  result  may  be 

This  is  important  because  at  least  one  calcula- 


unreliable . 
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tion  of  the  lattice  vibrations  of  ice  Ih66'71  has  used 
linear  angle  deformation  coordinates,  and  a  similar  coordin¬ 
ate  set  was  used  in  this  work  and  is  reported  later  in  this 
section . 

The  above  results  show  that  considerable  mixing  of 
rotational  and  translational  motion  occurs  in  the  normal 
coordinates  of  ices  II  and  IX  that  were  calculated  with 
coordinate  set  Aox(H**0-H)  and  the  force  field  discussed  above 
No  simple  change  to  the  force  field  can  correct  this  problem, 
and  there  is  no  obvious  justification  for  considerably 
different  and  more  complex  force  fields  based  on  coordinate 

set  A°X (H»  *0-H)  . 

The  next  coordinate  set,  AOX(0**0-H),  used  the  set  of 
forty-eight  O-.O-H  angle  deformation  coordinates  of  one  unit 
cell  of  ice  II  or  ice  IX,  in  addition  to  the  intermolecular 
coordinates  of  AOX.  For  the  calculations  reported  here  the 
force  constant  H  ,  =0.060  mdyne  A-1  was  used  with  all  eight 
or  six  types  of  O-.O-H  angle  deformation  coordinates  of  ice 
II  or  ice  IX  and  the  values  of  kr  and  were  as  in  force 

field  T*1  or  T*X  (Tables  5.9  and  5.12).  The  frequencies  and 
isotope  ratios  calculated  under  the  true  structure  model  for 
H20  and  D20  ice  II  are  given  in  Table  5.16.  No  isotope 
ratios  are  between  1.28  and  1.11,  showing  the  calculated 
normal  modes  to  be  of  nearly  pure  translational  or  rotational 
character  and  the  eigenvalues  confirmed  this.  The  calculated 
rotational  frequencies  all  lie  within  a  range  of  -100  cm  ,  ^ 

which  is  much  less  than  the  observed  range  of  -400  to  500  cm 
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Table  5.16 

Calculated  frequencies  of  the  translational  and 
rotational  vibrations  of  the  true  structure  model 
of  ice  II,  with  coordinate  set  AOX(0#,0-H) 


H  °a 

D?°a 

vttA> 

H  °a 

n  °a 

no. 

2 

2 

H  D 

no. 

2 

2 

H  D 

A  1 

624.7 

482.7 

1.294 

E  25 

634.3 

493.4 

1.286 

g 

g 

2 

614.2 

474.1 

1.296 

26 

602.3 

463.3 

1.300 

3 

570.2 

422.5 

1.350 

27 

576.3 

425.9 

1.353 

4 

558.8 

411.6 

1.358 

28 

563.3 

415.6 

1.355 

5 

549.5 

401.0 

1.370 

29 

552.5 

399.5 

1.383 

6 

545.5 

387.8 

1.407 

30 

537.7 

387.9 

1.385 

7 

272.3 

251.0 

1.085 

31 

280.4 

260.0 

1.078 

8 

200.9 

182.6 

1.100 

32 

235.0 

218.2 

1.077 

9 

159.7 

146.5 

1.090 

33 

189.1 

172.0 

1.099 

10 

103.5 

96.0 

1.078 

34 

173.1 

159.4 

1.086 

11 

93.8 

88.1 

1.065 

35 

92.7 

85.5 

1.084 

12 

78.9 

73.3 

1.076 

36 

65.8 

61.0 

1.079 

A  13 

636.1 

494.3 

1.287 

E  37 

629.2 

484.7 

1.298 

u 

u 

14 

603.1 

465.1 

1.297 

38 

606.7 

467.9 

1.297 

15 

575.6 

426.9 

1.348 

39 

573.4 

427.6 

1.341 

16 

565.0 

413.5 

1.366 

40 

560.1 

412.0 

1.359 

17 

552.0 

398.4 

1.386 

41 

550.8 

401.6 

1.372 

18 

534.3 

387.0 

1.381 

42 

544.2 

388.7 

1.400 

19 

297.2 

280.3 

1.060 

43 

244.9 

227.5 

1.076 

20 

251.8 

234.3 

1.075 

44 

236.9 

217.1 

1.091 

21 

214.7 

194.7 

1.103 

45 

184.3 

168.1 

1.096 

22 

146.6 

132.7 

1. 105 

46 

130.7 

119.8 

1.091 

23 

116.5 

105.3 

1.106 

47 

110.5 

101.2 

1.092 

24 

0 

0 

— 

48 

0 

0 

°-l 

°-l 

a  Force 

field : 

k  =0.22  i 
r 

mdyne  A  , 

Hq  =0.0075 
0 

mdyne  A  , 

°-l 

H , ,  =0.060  mdyne  A 

4> 
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for  H^O  ice  II  and  200  to  300  cm  ^  for  the  D20'  and,  thus, 
poses  a  problem.  A  similar  result  was  observed  for  ice  IX. 
Thus  this  force  field  neglected  the  mechanism  that  couples 
the  rotational  vibrations.  The  0**0-H  deformations  could  be 
coupled  more  directly  through  interaction  terms  in  the 
potential  energy  or  indirectly  through  the  inclusion  of 
intermolecular  coordinates  such  as  the  interatomic  hydrogen- 
hydrogen  interaction,  but  neither  approach  was  taken  with 
AOX (0* • O-H) . 

In  coordinate  set  A  (H-H')  the  ninety-six  interactions 
in  one  unit  cell  between  hydrogen  atoms  on  nearest-neighbour 

OX 

water  molecules  were  added  to  the  coordinates  of  A  .  The 

H 

values  of  the  second  derivatives  k  of  the  potential  energy 
with  respect  to  the  distance  between  hydrogen  atoms  r^_^ 
(equation  (5.16))  were  calculated  from  the  function  given  by 
Clementi  et  al137  for  the  potential  energy  of  interaction 
between  water  molecules.  The  discussion  of  Clementi  s 
complete  potential  function137  e  is  postponed  until  the 
following  section  since  only  the  second  derivative  with 

.  H  . 

reSpect  to  r  is  of  concern  here.  The  expression  for  k  is 
~  H— H 

kH  =  32c/ 3rjj_R  =  2  q2/r2_H  +  a2  b2  exp  (-t^  rH_H>  (5.19) 

where  r  is  in  atomic  units  of  distance  and  q2  ,  an<^  ^2 
H— H 

have  values137  of  0.514783,  1.061887  and  1.460975  a.u.  Thus 

for  r  =  2.329  A,  kH  is  0.01573  a.u.  or  0.2449  mdyne  A  . 
H-H 

For  the  calculations  reported  here,  similar  values  of 
kH  were  grouped  and  the  average  value  was  used.  In  ice  II 
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there  are  sixteen  non-equivalent  H-H  interactions  between 
hydrogen-bonded  molecules.  The  equilibrium  H-H  distances 
fall  into  the  groups  2.33  A,  2.43  to  2.50  A,  3.16  to  3.38  A, 
and  3.70  to  3.93  A  and  those  in  a  group  were  given  the  force 
constant  values  kH  of  0.24,  0.20,  0.072  and  0.044  mdyne  A  1 
respectively.  In  ice  IX  there  are  twelve  non-equivalent 
H-H  interactions.  The  equilibrium  H-H  distances  fall  into 
the  groups  2.24  to  2.26  A,  2.33  to  2.34  A,  2.45  to  2.52  A, 

3.33  to  3.52  A  and  3.80  to  3.85  A  and  those  in  a  group  were 
given  the  force  constant  values  k^  of  0.28,  0.24,  0.19,  0.06, 
and  0.043  mdyne  A-1  respectively. 

Under  the  true  structure  models,  the  frequencies  and 
isotope  ratios  that  were  calculated  for  ice  II  with  the 
above  values  of  k^  and  force  field  T^  (Table  5.9)  are 
given  in  Table  5.17,  and  those  calculated  for  ice  IX  with 

it  TV 

the  above  values  of  k  and  force  field  T-^  (Table  5.12)  are 
given  in  Appendix  VI.  The  hydrogen-hydrogen  interaction 
caused  the  frequencies  of  the  translational  vibrations  to  be 
larger  than  when  calculated  simply  with  T^  or  T-^  (Tables 
5.9  and  5.12),  and  the  potential  energy  distributions  showed 
that  the  H-H  interactions  provide  the  principle  restoring 
forces  to  many  of  the  translational  vibrations.  The  eigen 
vectors  showed  that  the  vibrations  in  all  of  the  symmetry 
blocks  were  generally  mixtures  of  translational  and  rotational 
motions  and  furthermore,  they  were  often  quite  different  in 
the  H  O  and  D?0  ice.  These  two  effects  are  reflected  in  the 
isotope  ratios.  The  mixing  of  modes  was  not  corrected  by 
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Table  5.17 

Calculated  frequencies  of  the  translational  and 
rotational  vibrations  of  the  true  structure  model 

OX 

of  ice  II,  with  coordinate  set  A  (H-H'). 


H  O3 

D  °a 

V  /V 

H?°a 

D  0* 

v  /v 

no. 

2 

2 

H  D 

no . 

2 

2 

H  D 

A  1 

737.0 

543.0 

1.357 

E  25 

723.7 

532.3 

1.360 

g 

g 

2 

703.2 

507.8 

1.385 

26 

654.7 

508.0 

1.289 

3 

670.5 

482.8 

1.389 

27 

601.9 

463.6 

1.298 

4 

582.9 

441.0 

1.322 

28 

530.8 

434.6 

1.221 

5 

518.7 

417.5 

1.242 

29 

476.6 

363.3 

1.312 

6 

467.8 

376.0 

1.244 

30 

452.8 

356.2 

1.271 

7 

402.6 

311.1 

1.294 

31 

399.4 

308.4 

1.295 

8 

208.7 

191.3 

1.091 

32 

346.5 

288.4 

1.201 

9 

192.7 

185.6 

1.038 

33 

213.5 

202.8 

1.053 

10 

125.2 

116.6 

1.074 

34 

198.7 

182.7 

1.088 

11 

110.2 

104.2 

1.058 

35 

116.7 

109.2 

1.069 

12 

103.7 

96.6 

1.073 

36 

76.3 

70.6 

1.081 

A  13 

719.5 

535.2 

1.344 

E  37 
u 

738.4 

538.6 

1.371 

u 

14 

657.4 

510.9 

1.287 

38 

679.6 

509.1 

1.335 

15 

552.6 

475.6 

1.162 

39 

627.4 

458.1 

1.370 

16 

535.3 

427.6 

1.252 

40 

584.3 

430.4 

1.358 

17 

512.2 

393.7 

1.301 

41 

522.1 

414.2 

1.261 

18 

427.9 

339.3 

1.261 

42 

425.6 

359.0 

1.  186 

19 

392.7 

308.4 

1.273 

43 

383.9 

310.2 

1.238 

20 

334.6 

244.4 

1.369 

44 

306.9 

246.3 

1.246 

21 

221.1 

201.1 

1.099 

45 

215.6 

199.0 

1.083 

22 

179.3 

175.4 

1.022 

46 

168.9 

166.2 

1.016 

23 

144.8 

129.5 

1.118 

47 

144.3 

137.8 

1.047 

24 

0 

0 

— 

48 

0 

0 

O  _ 

1 

O  _ 

1 

a  _ 
Force 

field: 

k  =0.22 
r 

mdyne  A 

,  Hq  =0.0075 

mdyne  A 

f 

kH  =0.044 

to  0.24 

°-l 

mdyne  A 
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changing  the  value  of  from  0.22  to  0.11  mdyne  A  for  ice 
II,  even  though  the  frequencies  of  modes  8,  9,  19,  21,  22, 

31,  33,  34,  42,  44,  and  46  decreased  by  10  to  40  cm  1. 

The  results  obtained  with  coordinate  set  A  (H-H') 
clearly  do  not  agree  with  experiment,  and  there  is  no  simple 
way  to  modify  the  force  field  to  correct  this.  The  problem 
seems  to  arise  from  the  influence  of  the  H-H  interaction  on 
the  translational  vibrations.  It  might  be  corrected  by 
varying  the  potential  function  and  so  changing  the  dependence 
of  d2e/dr*  u  on  ru  „,  but  it  may  also  require  the  inclusion 
of  interactions  other  than  H-H1,  which  were  neglected  in 

OX 

coordinate  set  A  (H-H'). 

The  final  coordinate  set  to  be  discussed  in  this  section, 
A°X (O-H  • • O ,  H-H'),  used  A°X  for  the  translational  motion  and 
for  the  reorientational  coordinates  combined  the  hydrogen- 
hydrogen  interatomic  interaction  coordinates  discussed  above 
with  the  set  of  forty-eight  linear  angle  deformation  coordin¬ 
ates  of  one  unit  cell.  The  linear  structure  model  (Section 
5.4)  was  therefore  used.  There  are  eight  non-equivalent 
0-H..0  deformation  coordinates  in  ice  II  and  six  m  ice  IX, 
with  half  of  each  describing  deformation  within  the  planes 
of  the  water  molecules  and  half  describing  deformation  in 
planes  perpendicular  to  those  of  the  water  molecules.  The 
force  constant  (equation  (5.16))  HA  =  0.04  mdyne  k  was 
assigned  to  all  of  the  O-H-.O  deformation  coordinates,  and 
the  values  of  kH  were  determined  as  discussed  above  for 

AOX (H-H' ) . 
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When  the  frequencies  for  ice  IX  were  calculated 
with  force  field  T^X  (Table  5.12),  H^  =0.040  mdyne  A  and  all 
of  the  H-H'  force  constants  set  to  zero,  the  isotope  ratios 
were  close  to  those  observed,  i.e.  1.32  to  1.41  calculated 
for  the  normal  modes  of  rotation  and  1.03  to  1.08  for  the 
normal  modes  of  translation.  The  frequencies  of  the  trans¬ 
lational  normal  modes  were  normally  up  to  5  cm  ,  but 
occasionally  up  to  12  cm  ^ ,  higher  than  those  reported  in 
Table  5.12  for  force  field  T*X  and  the  true  structure  model, 
but  most  of  this  difference  was  probably  due  to  the  different 
structural  model  used  here.  The  eigenvectors  showed  little 
mixing  of  translational  and  rotational  motion  in  the  normal 
modes.  The  problem  with  this  force  field  was  that  all  of  the 
rotational  frequencies  were  calculated  between  409  and 
432  cm-1  for  ice  IX  and  between  289  and  323  cm  for  D^O 

ice  IX,  in  disagreement  with  the  observed  ranges  (Tables  3.4 

and  5.3). 

The  frequencies  given  in  Table  5.18  are  calculated  for 

the  linear  structure  models  of  H2<D  and  D20  ice  IX,  using 

k  =0.12  mdyne  A-1,  H0  =  0.0025  mdyne  A-1,  HA  =  0.040  mdyne  A, 

and  the  values  of  kH  set  as  with  coordinate  set  A  (H-H'). 

The  0--0  stretching  force  constant  kr  and  the  0..0..0  angle 

,  ,  H 

deformation  force  constant  HQ  were  smaller  than  when 
equalled  zero  to  partially  offset  the  increase  in  the 
frequencies  of  the  translational  normal  modes  caused  by  the 
H-H'  interactions.  The  isotope  ratios  were  similar  to  those 
calculated  with  kH  set  to  zero,  with  none  between  1.11  and 


Table  5.18 


Calculated  frequencies  of  the  translational  and 
rotational  vibrations  of  the  linear  structure  model 
of  ice  IX,  with  coordinate  set  Aox(0-H**0,  H-H') 


no. 

H2Oa 

D2Oa 

VH/VD 

no. 

H2Oa 

D2Oa 

VVD 

i 

901.4 

654.1 

1.  378 

B2  29 

932.1 

664.5 

1.403 

2 

820.4 

585.7 

1.401 

30 

880.7 

645.6 

1.  364 

3 

725.4 

520.9 

1.393 

31 

629.4 

455.6 

1.381 

4 

653.1 

481.4 

1.  357 

32 

582.3 

422.3 

1.  379 

5 

427.3 

384.8 

1.110 

33 

405.3 

374.4 

1.083 

6 

226.0 

217.0 

1.041 

34 

363.1 

337.7 

1.075 

7 

117.7 

114.4 

1.029 

35 

188.6 

181.8 

1.037 

8 

99.5 

94.1 

1.057 

36 

97.9 

94.0 

1.  041 

9 

976.7 

704.1 

1.387 

E  37 

963.8 

691.2 

1.394 

10 

902.2 

656.9 

1.  373 

38 

915.5 

661.  5 

1.  384 

11 

740.4 

525.5 

1.409 

39 

902.9 

650.8 

1.  387 

12 

696.7 

494.9 

1.408 

40 

824.3 

587.7 

1.403 

13 

558.9 

420.5 

1.  329 

41 

778.2 

574.8 

1.  354 

14 

324.9 

298.6 

1.088 

42 

684.6 

495.3 

1.  382 

15 

217.5 

210.2 

1.035 

43 

664.4 

480.0 

1.384 

16 

140.9 

136.9 

1.029 

44 

621.  4 

449.1 

1.  383 

17 

98.9 

95.2 

1.039 

45 

570.7 

414.6 

1.  377 

18 

0 

0 

- 

46 

398.1 

370.5 

1.074 

47 

357.7 

328.8 

1.088 

19 

944.2 

670.6 

1.408 

48 

330.6 

308.5 

1.072 

20 

855.3 

618.5 

1.383 

49 

237.3 

224.3 

1.058 

21 

808.7 

589.2 

1.373 

50 

183.5 

177.9 

1.031 

22 

620.5 

462.4 

1.342 

51 

160.9 

158.6 

1.015 

23 

612.4 

435.4 

1.407 

52 

96.6 

93.3 

1.035 

24 

401.6 

375.4 

1.070 

53 

89.0 

86.3 

1.031 

25 

251. 1 

238.3 

1.054 

54 

0 

0 

26 

207.8 

198.6 

1.046 

27 

107.5 

105.3 

1.021 

28 

64.5 

61.6 

1.047 

Force 

field: 

kr  =0.12 

H.  =0.04 
A 

°-l 

mdyne  A  , 

O 

mdyne  A, 

H0  =  0.0025 

kH  =  0.04  3  to 

°-l 

mdyne  A  , 

°-l 

0.28  mdyne  A 
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1.33,  but  the  rotational  frequencies  ranged  from  560  to  975 
cm-1  for  H_0  ice  IX  and  from  420  to  700  cm  1  for  D20  ice 
IX,  in  much  better  agreement  with  experiment.  However  the 
frequency  range  of  0  to  427  cm  ^  that  was  calculated  for  the 
translational  modes  is  higher  than  the  observed  range  of  0 
to  325  cm-1.  This  range  can  only  be  decreased  by  decreasing 
the  values  of  kH ,  since  the  highest  translational  frequencies 
were  determined  mainly  by  the  H-H '  interactions,  but  this 
would  also  decrease  the  calculated  range  of  rotational 
frequencies.  It  is  not  clear  how  to  correct  this  problem. 

It  is  an  equally  serious  problem  that  the  calculated  frequen¬ 
cies  do  not  match  those  that  are  observed  for  the  rotational 
vibrations.  Such  a  fit  depends  on  the  values  of  k  ,  but 
these  can  be  meaningfully  refined  only  through  the  parameters 
of  the  potential  function  (q2,  a2  and  b2  in  Clementi  s  func 
tion  and  in  equation  (5.19)).  This  capability  does  not  exist 
in  the  programs  that  were  used  here.  Of  course  such  a  fit 
would  not  be  physically  meaningful  if  important  interactions 
other  than  the  H-H'  interactions  were  omitted  and  the 
refinement  would  merely  compensate  for  their  omission. 

The  simple  parametrized  force  fields  that  were  examined 
in  this  section  have  been  poor  to  fair  in  reproducing  the 
observed  features  of  the  infrared  and  Raman  spectra  due  to 
the  rotational  vibrations  of  ices  II  and  IX.  More  complex 
parametrized  force  fields  that  perform  better  can  undoubtedly 
be  devised,  but  with  the  necessary  increase  in  the  number  of 
parameters  the  result  is  less  likely  to  be  physically 
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significant. 

5.7  Calculation  of  the  Lattice  Vibrations  of  Ice  II  using 

dementi's  Interatomic  Interaction  Potential  Function 

for  Water  Molecules 

The  use  in  normal  coordinate  analyses  of  functions  that 
describe  the  lattice  energy  of  the  crystal  in  terms  of  inter¬ 
atomic  interactions  between  the  molecules  of  the  crystal  has 
met  with  good  success  in  the  treatment  of  non-hydrogen-bonded 
molecular  crystals  such  as  benzene  (Section  5.3).  Therefore 
in  this  section  a  normal  coordinate  calculation  of  the  lattice 
vibrations  of  the  true  structure  model  of  ice  II  which  used 
the  potential  function  developed  by  Clementi  et  al137  for 
the  interaction  of  two  water  molecules  is  reported. 

Clementi  et  al137  calculated  the  potential  energy 
of  two  water  molecules  in  sixty-six  different  geometrical 
configurations  with  an  ab  initio  configuration-interaction 
quantum  mechanical  method,  and  they  fitted  the  results  to 
a  function  of  the  interatomic  distances,  i.e. 


+ 


r 


23 


1 


+ 


+ 


r 


28 


1 


+ 


r 


1 


37 


+ 


+  exp(-b1  r56 


+  a2[exp(-b2  r13)  +  exp(-b2  r14> 

+  exp  (-b2  r24)  ] 


+  exp (-b2  r2 3 ) 
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+  a3  [exp  (-b3  r16)  +  exp(-b3r2g)  +  exp(-b3r35) 


+exp (-b3  r45)  ] 


-  a4[exp(-b4  r16)  +  exp(-b4  r26)  +  exp(-b4  r45) 


+  exp(-b4  r45)  ] 


(5.20) 


This  function  will  be  referred  to  as  the  Clementi  pair 
potential.  Points  i  =1,2,5  and  7  are  on  one  molecule,  points 
j  =3,4,6  and  8  are  on  the  other  molecule,  and  the  distances 


a  charge  of  +q,  atoms  5  and  6  are  oxygen  atoms,  and  the  M 


points  (7  and  8)  carry  a  charge  of  -2  q .  The  constants  q2 , 
a^  and  bi  (i=l  to  4)  were  evaluated137  for  the  calculated 


potential  energies  including  both  the  inter-  and  intramolec¬ 
ular  correlation  energies  (eCI)  and  also  including  only  the 

intermolecular  correlation  energy  (e iNTER^  *  There  was  some 

evidence  that  underestimates  the  correlation  effect  at 

short  0-0  distances,137  and  therefore  the  parameters  for 

e  (Appendix  VII)  were  used  for  these  calculations  on 

INTER 


ice  II. 


The  second  derivatives  of  the  Clementi  pair  potential 
with  respect  to  the  interaction  distances  are 


(5.21) 


(5.22) 


32e/3r2_0  =  a3 b2 exp(-b3  rH_Q)  -  a4  b2 exp <-b4  r 


3  H-0 


4  H-0 


(5.23) 
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32£/3rQ_Q  =  b^exp(-b1  r 


1  0-0 


(5.24) 


(5.25) 


Only  the  interactions  between  nearest-neighbour  water 
molecules  in  ice  II  were  considered  here,  yielding  sixteen 
non-equivalent  types  each  of  H-H',  M  -H  and  H-0  interactions 
and  four  non-equivalent  types  each  of  0-0'  and  M  -M  inter¬ 
actions,  for  a  total  of  56  types  of  interactions.  Because  of 
the  S^.  symmetry  of  the  rhombohedral  cell  of  ice  II,  there  are 
six  equivalent  interactions  for  each  type  of  interaction,  for 
a  total  of  336  interaction  coordinates.  The  56  interaction 
distances  for  the  true  structure  model  of  ice  II  and  the 
corresponding  interaction  constants  that  were  used  in  the 
normal  coordinate  calculation  are  given  in  Appendix  VII. 

The  frequencies  that  were  calculated  for  ice  II  from 
the  second  derivatives  of  the  Clementi  pair  potential  are 
given  in  Table  5.19.  There  are  three  serious  problems  with 
these  results.  The  most  obvious  of  these  is  the  calculation 
of  seven  imaginary  frequencies.  This  is  a  common  problem  in 
normal  coordinate  calculations  using  interatomic  potentials, 
and  occurs  because  the  molecular  positions  in  the  crystal 
are  not  minima  in  the  potential  energy  described  by  the 
function.  To  correct  this  problem  either  the  constants  of 
the  potential  function  or  the  molecular  positions  must  be 
refined,147  but  neither  is  possible  with  the  programs 
AXSMZ  and  LSMX.  A  second  problem  is  the  mixing  of  transla¬ 
tional  and  rotational  motions  in  many  of  the  normal  modes, 


240 


Table  5.19 

Calculated  frequencies  of  the  translational  and 
rotational  vibrations  of  the  true  structure  model 


of 

ice  II,  with  the  ' 

dementi  pair 

potential 

• 

no. 

H2Oa 

D2°a 

V  /V 

H  D 

no. 

H2°3 

V* 

v  Au 

H  D 

1 

570.0 

404.7 

1.408 

E  25 
q 

512.4 

371.1 

1.381 

2 

518.2 

370.5 

1.400 

26 

414.6 

314.6 

1.318 

3 

441.7 

323.8 

1.364 

27 

349.2 

285.2 

1.224 

4 

348.6 

288.3 

1.209 

28 

299.5 

259.1 

1.156 

5 

285.7 

246.6 

1.159 

29 

255.1 

228.6 

1.116 

6 

217.0 

203.1 

1.068 

30 

220.7 

188.7 

1.170 

7 

158.2 

146.3 

1.081 

31 

202.0 

176.6 

1.144 

8 

153.5 

131.7 

1.166 

32 

177.2 

155.9 

1.137 

9 

70.2 

61.8 

1.136 

33 

117.6 

87.1 

1.350 

10 

27.1 

25.6 

1.059 

34 

67.3 

63.5 

1.060 

11 

52.2  l 

42.8  i 

1.220 

35 

23.2  l 

21.3  l 

1.089 

12 

86.7  l 

67.7  l 

1.281 

36 

147.6  l 

106.0  l 

1.392 

13 

455.2 

338.6 

1.344 

E  37 
u 

551.0 

393.0 

1.402 

14 

411.9 

317.5 

1.297 

38 

476.9 

344.1 

1.386 

15 

323.3 

296.1 

1.092 

39 

442.3 

327.5 

1.351 

16 

304.2 

256.0 

1.188 

40 

284.2 

255.5 

1.112 

17 

284.7 

221.7 

1.284 

41 

258.6 

233.3 

1.108 

18 

254.7 

212.0 

1.216 

42 

239.5 

210.0 

1.140 

19 

213.9 

184.1 

1.162 

43 

185.8 

163.5 

1.136 

20 

137.1 

127.2 

1.078 

44 

167.5 

140.4 

1.193 

21 

96.2 

92.6 

1.039 

45 

95.9 

79.8 

1.202 

22 

0 

0 

- 

46 

44.5 

41.7 

1.067 

23 

122.8  i 

88.1  l 

1.394 

47 

0 

0 

- 

24 

191.7  l 

135.7  l 

1.413 

48 

86.3  i 

61.4  i 

1.406 

a  Force  constants  are  given  in  Appendix  VII. 
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l 

as  shown  by  the  isotope  ratios  and  the  eigenvectors.  A 
third  problem  is  that  the  calculated  range  of  frequencies 
is  considerably  less  than  the  observed  range. 

The  results  of  this  calculation  are  clearly  unsatis¬ 
factory.  Further  progress  can  only  be  made  with  the 
refinement  capability  discussed  above. 

5.8  Conclusions 

The  frequencies  and  intensities  of  the  translational 
lattice  vibrations  of  ice  II  and  ice  IX  have  been  calculated 
under  the  simplest  possible  models.  The  reasonable  agree¬ 
ment  between  the  calculated  and  observed  infrared  and  Raman 
spectra  suggests  that  the  assignments  made  in  Section  5.5 
are  useful  and  in  general  correct,  though  perhaps  not  in 
detail . 

Similar  normal  coordinate  calculations  of  the  rotational 
lattice  vibrations  of  ices  II  and  IX  have  not  been  successful. 
The  amount  of  translational  and  rotational  motion  in  the 
normal  modes  was  found  to  depend  on  the  coordinates  used  to 
describe  the  forces  which  oppose  the  reorientational  motion 
and  therefore  several  coordinate  sets  have  been  tested. 

With  some  of  the  coordinate  sets  the  mixing  of  translational 
and  rotational  motions  was  much  greater  than  indicated  by 
experiment,  while  for  others  the  amount  of  mixing  was  much 
nearer  to  that  observed  but  the  observed  ranges  of  the  trans¬ 
lational  and  rotational  vibrations  were  not  reproduced. 

Thus  the  simple  force  fields  assumed  here  are  inadequate  to 
describe  the  restoring  forces  that  determine  the  rotational 
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vibrations  of  the  ices.  Thus  the  development  of  interatomic 
potential  functions  to  describe  the  intermolecular  forces 
between  water  molecules,  and  the  inclusion  of  such  forces 
between  non-nearest  neighbours,  is  likely  to  yield  the 
greatest  progress  in  calculations  of  the  rotational  vibrations 
of  the  ices. 
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Appendix  I 


Calculated  mean-value  and  squared  anisotropic  invariants  of  the 
polarizability  derivatives,  Ot '  and  ( y’ )  ,  and  relative  Raman 
intensities  of  the  0-D  stretching  vibrations  of  ices  II  and  IX 


D  0  ice  II  force  field  A 
2  
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1  g 
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Int. 

29.6 

37.6 

45.2 

60.0 

71.3 

V..,  (E  ) 

2444.6 

a' 

0.0 

0.0 

0.0 

0.0 

0.0 

ii  g 

(Y)2 

0.319 

0.355 

0.383 

0.426 

0.454 

Int. 

5.1 

6.5 

7.8 

10.3 

12.3 

V10(E  ) 

2414.9 

a' 

0.0 

0.0 

0.0 

0.0 

0.0 

12  g 

( Y)2 

;  0.523 

0.582 

0.627 

0.697 

0.742 

Int. 

8.5 

10.8 

13.0 

17.2 

20.5 

255 
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Appendix  I  ,  continued 


D^O  ice 

II  force 

field  B 

Mode 

\)/cm  ^ 

RP=5 . 6 

RP=7 . 5 

RP=10 

RP=20 

RP=50 

W 

2527.4  a' 

0.266 

0.248 

0.235 

0.216 

0.204 

J-  9 

(Y')2 

0.835 

0.930 

1.003 

1.117 

1.189 

Int . 

9.7 

11.6 

13.4 

16.9 

19.5 

V.  (A  ) 

2482.9  a' 

-0.125 

-0.117 

-0.111 

-0.101 

-0.096 

2  g 

(V  )2 

1.596 

1.776 

1.916 

2.134 

2.271 

Int. 

14.3 

18.2 

21.7 

28.5 

33.7 

V,  (A  ) 

2398.9  a' 

-0.466 

-0.434 

-0.412 

-0.377 

-0.357 

3  g 

(V)2 

0.148 

0.164 

0.177 

0.198 

0.210 

Int. 

10.2 

10.6 

10.9 

11.5 

12.1 

V,  (A  ) 

2349.7  a' 

-1.537 

-1.434 

-1.359 

-1.245 

-1.177 

4 v  g 

(Y')2 

0.045 

0.050 

0.054 

0.060 

0.064 

Int. 

100 

100 

100 

100 

100 

Vq(E  } 

2554.2  a' 

0.0 

0.0 

0.0 

0.0 

0.0 

9  g 

(Y)2 

0.446 

0.496 

0.535 

0.596 

0.635 

Int. 

7.3 

9.4 

11.2 

14.9 

17.7 

_  (E  ) 

2494.1  a' 

0.0 

0.0 

0.0 

0.0 

0.0 

H 

o 

vQ 

( Y)2 

1.826 

2.032 

2.193 

2.442 

2.599 

Int . 

31.2 

39.9 

47.8 

63.3 

75.3 

V,  ,  (E  ) 

2453.7  a' 

0.0 

0.0 

0.0 

0.0 

0.0 

11  g 

(Y)2 

0.551 

0.613 

0.661 

0.737 

0.784 

Int. 

9.7 

12.3 

14.8 

19.6 

23.3 

Vin(E  ) 

2416.1  a' 

0.0 

0.0 

0.0 

0.0 

0.0 

12  g 

(Y)2 

0.444 

0.494 

0.535 

0.594 

0.632 

Int. 

8.0 

10.2 

12.3 

16.2 

19.2 

% 
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Appendix  I ,  continued 


D^O  ice  IX 


force  field  A 


Mode 

W 


vv 


VV 


W 


W 


VV 


V10(B2» 


V11(B2> 


V12  *V 


V13(E> 


V14(E) 


V15(E) 


V16(E) 


V17(E) 


V18(E) 


V/cm 


-1 


2522. 


2416 


2341. 


2526 


2467 


2412 


2513 


2457 


2401 


2516 


2492.2 


2464.0 


2461.7 


2395.2 


2360.1 


5  a' 

(V)2 

Int. 

9  a' 

(V)2 

Int. 

3  a' 

(y')2 

Int. 

8  a' 

(V)2 

Int . 

.8  a' 

(V)2 

Int. 

.  1  a! 

(V)2 

Int. 

.4  a' 

(y')2 

Int . 

.3  a' 

(V)2 

Int. 

.4  a' 

(V)2 

Int. 

.0  a' 

(V)2 

Int. 
a' 

(V)2 

Int . 
a' 

(V)2 

Int . 

a1 

(V)2 

Int. 

a' 

(V)2 

Int. 

a' 

(y)2 

Int. 


KP=5 . 6 

-0.003 

0.813 

6.0 

-0.081 

0.145 

1.4 
1.629 
0.096 

100 

0.0 

0.024 

0.2 

0.0 

3.119 

23.9 

0.0 

0.445 

3.5 
0.0 
0.349 

2.6 
0.0 
0.075 
0.6 
0.0 
0.049 
0.4 
0.0 
0.290 

4.3 
0.0 
0.360 

5.4 
0.0 
0.680 

10.4 
0.0 
0.575 
8.8 
0.0 
0.121 
1.9 
0.0 
0.002 
0.03 


RP=7 . 5 

-0.002 

0.904 

7.7 

-0.076 

0.161 

1.7 

I. 521 
0.107 

100 

0.0 

0.027 

0.2 

0.0 

3.467 

30.4 

0.0 

0.495 

4.5 

0.0 

0.388 

3.3 
0.0 
0.083 
0.7 
0.0 
0.055 
0.5 
0.0 
0.323 

5.5 
0.0 
0.400 
6.9 
0.0 
0.756 

13.3 
0.0 
0.640 

II. 3 
0.0 
0.134 

2.5 
0.0 
0.002 
0.04 


RP=10 

-0.002 

0.975 

9.2 

-0.072 

0.174 

2.0 

1.441 

0.115 

100 

0.0 

0.029 

0.3 

0.0 

3.738 

36.5 

0.0 

0.534 

5.4 

0.0 

0.419 

4.0 

0.0 

0.090 

0.9 

0.0 

0.059 

0.6 

0.0 

0.348 

6.6 

0.0 

0.431 

8.3 

0.0 

0.815 

15.9 

0.0 

0.690 

13.5 

0.0 

0.145 

3.0 

0.0 

0.002 

0.04 


RP=20 

-0.002 
1.086 
12.1 
-0 . 066 
0.194 
2.5 

I. 321 
0.128 

100 

0.0 

0.032 

0.4 

0.0 

4.165 

48.1 

0.0 

0.595 

7.1 
0.0 
0.467 

5.2 
0.0 
0.100 

1.2 
0.0 
0.066 
0.8 
0.0 
0.388 
8.7 
0.0 
0.481 

II. 0 
0.0 
0.908 

21.0 

0.0 

0.768 

17.8 

0.0 

0.161 

3.9 

0.0 

0.002 

0.05 


RP=50 

-0.002 

1.156 

14.4 

-0 . 062 
0.206 
3.0 
1.249 
0.137 

100 

0.0 

0.034 

0.4 

0.0 

4.433 

57.1 

0.0 

0.633 

8.5 

0.0 

0.496 

6.2 

0.0 

0.107 

1.4 

0.0 

0.070 

0.9 

0.0 

0.413 

10.3 

0.0 

0.511 

13.0 

0.0 

0.966 

25.0 

0.0 

0.818 

21.2 

0.0 

0.172 

4.6 

0.0 

0.002 

0.06 
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Appendix  I,  continued 


D20  ice  IX  force  field  B 


Mode 

v/cm 

1  RP=5 . 6 

• 

r- 

II 

& 

RP=10 

\)  (A  ) 

2520. 

8  a' 

0.029 

0.027 

0.026 

1  1 

(Y’)2 

0.909 

1.012 

1.091 

Int . 

6.7 

8.5 

10.2 

V0(A_ ) 

2416. 

3  a’ 

0.012 

0.011 

0.011 

2  1 

(V)2 

0.071 

0.079 

0.085 

Int. 

0.6 

0.7 

0.9 

V  (An  ) 

2325. 

5  a' 

1.632 

1.523 

1.443 

3  1 

(V)2 

0.073 

0.081 

0.088 

Int.  100 

100 

100 

V  (B.  ) 

2532. 

9  a' 

0.0 

0.0 

0.0 

iH 

1 

r- 

( Y)2 

0.001 

0.001 

0.001 

Int . 

0.01 

0.01 

0.01 

V  (Bn  ) 

2467. 

8  a' 

0.0 

0.0 

0.0 

8  1 

( Y)2 

2.828 

3.148 

3.395 

Int. 

21.4 

27.3 

32.8 

V  (B,  ) 

2422. 

,1  a' 

0.0 

0.0 

0.0 

9  1 

(Y')2 

0.754 

0.839 

0.905 

Int. 

5.9 

7.5 

9.0 

V  (B~ ) 

2510, 

.9  a' 

0.0 

0.0 

0.0 

10  2 

( Y)2 

0.410 

0.457 

0.492 

Int . 

3.0 

3.9 

4.6 

V  (B„ ) 

2463 

.1  a* 

0.0 

0.0 

0.0 

11  2 

(Y ' ) 2 

0.006 

0.007 

0 . 007 

Int. 

0.04 

0.06 

0.1 

V  (B_) 

2396 

.4  a' 

0.0 

0.0 

0.0 

12  2 

( Y)2 

0.057 

0.064 

0.069 

Int. 

0.5 

0 . 6 

0.7 

V  (E) 

2519 

.8  a' 

0.0 

0.0 

0.0 

13 

(Y')2 

0.546 

0.608 

0 .656 

Int . 

8.0 

10.2 

12.3 

V  (E) 

2486 

.4  a' 

0.0 

0.0 

0.0 

14  v; 

(Y  * ) 2 

0.302 

0.336 

0 . 363 

Int . 

4.5 

5.6 

6.9 

V  (E) 

2466 

.0  a' 

0.0 

0.0 

0.0 

15  '  ' 

(Y* ) 2 

0.104 

0.116 

0 . 125 

Int . 

1.6 

2.0 

2.4 

V  (E) 

246C 

) .  7  a' 

0.0 

0.0 

0.0 

16l  ' 

(Y*  > 2 

1.026 

1.142 

1.231 

Int. 

17.6 

20.0 

23.9 

V  (E) 

2401.6  a’ 

0.0 

0.0 

0.0 

17V  ; 

(Y* ) 2 

0.043 

0.048 

0 . 052 

Int . 

0.7 

0.8 

1.0 

V18(E) 

2353.3  a’ 

(V  )2 

0.0 

0.004 

0.0 

0.005 

0.0 

0.005 

Int . 

0 . 06 

0.08 

0.1 

KP=50 

0.022 

1.294 

16.0 

0.009 

0.100 

1.3 

1.250 

0.104 

100 

0.0 

0.001 

0.01 

0.0 

4.026 

51.5 

0.0 

1.073 

14.1 

0.0 

0.584 

7.3 
0.0 
0.008 
0.1 
0.0 
0.081 
1.1 
0.0 
0.778 

19.3 
0.0 
0.430 

10.9 

0.0 

0.148 

3.8 

0.0 

1.460 

37.5 

0.0 

0.061 

1.6 

0.0 

0.006 

0.2 


Appendix  II 


Intensities  of  a  Fermi  diad  derived  from  degenerate  perturbation  theory 


Ae/Aeq 

=  15 

Ae/Aeq 

=5 

Ae/Aeq 

=2 

Ae/Aeq 

=  1.25 

VM<t 

V* 

+ve 

W 

-ve 

+ve 

W 

-ve 

VT 

+ve 

W 

-ve 

+ve 

W 

-ve 

(W^  ) 

+ve 

<-vv 

(W  ) 

-ve 

(Vtf  ) 

+ve 

(W  ) 

-ve 

(W,  ) 

+ve 

(W  ) 

-ve 

(Vtf  ) 

+ve 

(W  ) 

-ve 

1000 

1.15 

1.14 

1.51 

1.49 

3.0 

3.0 

9.1 

8.9 

500 

1.15 

1.13 

1.51 

1.49 

3.0 

3.0 

9.1 

8.9 

200 

1.17 

1.12 

1.53 

1.47 

3.1 

2.9 

9.3 

8.7 

100 

1.19 

1.10 

1.56 

1.44 

3.1 

2.9 

9.6 

8.4 

50 

1.24 

1.05 

1.63 

1.38 

3.3 

2.7 

10.3 

7.9 

20 

1.40 

0.94 

1.84 

1.23 

3.8 

2.4 

12.9 

6.6 

10 

1.71 

0.77 

2.3 

1.00 

4.9 

1.94 

19.6 

5.0 

7.5 

1.95 

0.67 

2.6 

0.88 

5.9 

1.69 

27 

4.2 

5 

2.6 

0.51 

3.6 

0.68 

8.7 

1.29 

64 

3.1 

4 

3.2 

0.42 

4.5 

0.56 

12.2 

1.07 

169 

2.5 

3 

4.8 

0.29 

6.9 

0.40 

24 

0.79 

OO 

1.78 

2 

11.4 

0.138 

19.8 

0.20 

278 

0.44 

49 

1.00 

1.5 

36 

0.055 

106 

0.094 

240 

0.24 

13.4 

0.60 

1.0 

898 

0.0011 

98 

0.010 

13.9 

0.072 

4.0 

0.25 

0.75 

32 

0.0119 

16.3 

0.0017 

5.5 

0.015 

2.1 

0.111 

0.50 

7.3 

0.088 

5.0 

0.050 

2.3 

0.0036 

1.00 

0.020 

0.20 

1.95 

0.38 

1.48 

0.28 

0.77 

0.11 

0.33 

0.016 

0.10 

1.30 

0.58 

1.00 

0.44 

0.52 

0.20 

0.20 

0.051 

0.05 

1.07 

0.72 

0.82 

0.54 

0.42 

0 . 26 

0.15 

0.078 

0.02 

0.95 

0.81 

0.72 

0.61 

0.37 

0.30 

0.13 

0.097 

0.01 

0.91 

0.84 

0.69 

0.64 

0.35 

0.32 

0.12 

0.104 

0.001 

0.88 

0.87 

0.67 

0 . 66 

0.33 

0.33 

0.11 

0.110 
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Appendix  III 


Details  of  the  Lattice  Frequency  Calculations 

for  Ices  II  and  IX 

Crystal-Fixed  Cartesian  Axes 

The  crystal-fixed  Cartesian  axes  Y  that  have  been 
defined  for  the  normal  coordinate  calculations  for  ice  II 
were  oriented  relative  to  the  axes  of  the  rhombohedral  cell 

as  follows 


rhombohedral 


The  origins  of  the  two  sets  of  axes  were  coincident.  From 

vector  algebra,  the  relation  for  each  atom  between  the 

distance  coordinates  (X,Y,Z)C  with  respect  to  these  crystal- 

fixed  Cartesian  axes  and  the  fractional  coordinates 34 

(x,y,z)  with  respect  to  the  rhombohedral  cell  is 
R 

7.495595  -3.747798  -3.747798\  /x\ 

0.0  6.491376  -6.491376  j  (  y  j 

2.084335  2.084335  2.084335/  \z/R 

The  crystal-fixed  Cartesian  axes  for  ice  IX  were 
coincident  with  the  axes  of  the  tetragonal  cell38  of  ice  IX. 

continued  .  .  . 
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Appendix  IIIf  continued 

The  Cartesian  coordinates  of  all  atoms  that  were  used 
in  the  true  structure  models  of  ices  II  and  IX  can  be 
generated  by  symmetry  from  the  fractional  coordinates  for  the 

structures  and  the  above  axis  conventions. 

The  Cartesian  coordinates  of  the  oxygen  atoms  of  the 
linear  structure  models  of  ices  II  and  IX  were  the  same  as 
those  of  the  true  structure  models,  and  those  of  the  hydrogen 
atoms  can  be  generated  by  symmetry  from  the  following 
coordinates : 

Crystal— fixed  Cartesian 


coordinates  (A) 


X 

Y 

Z 

ice  II 

type 

I 

H7 

1.733206 

1.667339 

0.099507 

H19 

2.351060 

1.361437 

1.248473 

type 

II 

H2 

-1.217329 

2.108089 

3.178011 

H14 

-0.874493 

3.492509 

2.744866 

ice  IX 

type 

1 

H1 

0.003839 

2.241273 

1.349196 

H9 

0.730678 

1.068892 

1.866688 

type 

2 

H17 

1.975326 

2.427834 

0.682503 

H21 

2.427834 

1.975326 

-0.682503 

The  cartesian  coordinates  of  all  point  masses  that  were 
used  in  the  point  mass  models  can  be  generated  from  the 
following  eight  points: 


continued  .  . 
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Appendix  HI,  continued 

Crystal-f ixed  Cartesian 


coordinates  (A) 


X 

Y 

Z 

ice  II  (type  I) 

h20 

2.447659 

1.162703 

0.347231 

O 

C\l 

Q 

2.413848 

1.194375 

0.374160 

M7  (type  II) 

h20 

-0.563800 

2.726449 

3.248871 

D2° 

-0.605747 

2.735848 

3 .220465 

ice  IX  M1  (type  1) 

h20 

0.690839 

1.986488 

1.928648 

d20 

0.655696 

1.952462 

1.910023 

M9  (type  2) 

H2° 

2 .594899 

2.594899 

0.0 

d20 

2.557173 

2.557173 

0.0 

Mol prnl p-Fixed  Cartesian 

Axes 

The  molecule- 

fixed 

Cartesian 

axes  X  coincide  with  the 

principal  inertial 

axes 

of  each  molecule.  The 

axis  that 

roughly  bisects  the 

H-0- 

H  angle  was 

the  molecular  z-axis, 

and  the  axis  perpendicular  to  the  molecular  plane  was  the 
molecular  y-axis. 

The  molecule-fixed  Cartesian  axes  of  the  molecules  on 
a  crystallographic  site  are  symmetric  with  respect  to  the 
interchange  group155  of  crystal  symmetry  operations.  For 
both  types  of  molecules  of  ice  II  the  interchange  group  must 
be  s6,  and  for  type  1  molecules  of  ice  IX  it  must  be  D,. 

For  the  type  2  molecules  of  ice  IX  the  interchange  group  can 
be  either  C4  or  D2>  C2  was  used  in  this  work. 


continued  .  . 
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Appendix  III,  continued 


The  T  Matrices 

Under  the  above  axis  conventions,  the  crystal-fixed 
Cartesian  coordinates  Y  of  molecule  1  (a  type  I  molecule)  of 


the  true 

structure 

model  of  H 

20  ice  II  were 

X 

Y 

Z 

°i 

2.490037 

1.123008 

0.313484 

H7 

1.721363 

1.580650 

-0.025012 

H19 

2.501280 

1.374873 

1.255187 

and  the 

molecule-fixed  Cartesian  coordinates 

molecules  of  the  true  structure  model  of  ice 

a 

b 

c 

0(1) 

0.002972 

0.0 

0.067105 

H  (2) 

0.732745 

0.0 

-0.551203 

H  ( 4 ) 

-0.779909 

0.0 

-0.513812 

The  moments  of  inertia  about  the  a,  b  and  c  molecular  axes 

were  0.644298,  1.798574,  and  1.154275  amu  A2  respectively. 

The  transformation  matrix  T  for  this  molecule,  defined 

by  Y  =  T  X  ,  was  found  from  the  above  coordinates  to  be 
**  •#  ^ 

-0.499434  0.568523  0.653718 

T  =  0.121279  0.793014  -0.597009 

-0.857821  -0.218885  -0.465009 


continued  .  . 


264 


Appendix  III,  continued 


TR 

The  L  Matrices 
TR 


The  L  matrix,  defined  by  X 
~  x 


L 
~x 


TR 


Q  TR,  is  given  by 


135 


M"^  0  0  o  ci//(Ib)^2  ”bi//(Ic)2 

0  M”^  0  "ci/ (Ia) ^  0  ai/(Ic)2 

0  0  vTh  bi^1a)h  ~ai/(Ib)i5  ° 

where  M  is  the  mass  of  the  molecule,  a^,  bi  and  c^  are  the 

coordinates  of  atom  i  with  respect  to  the  molecule-fixed 

Cartesian  axes,  and  I&,  Ib  and  Ic  are  the  moments  about  the 

inertial  axes.  For  the  above  molecule  (and  for  all  type  I 

TR 

molecules)  of  ^0  ice  II,  Lx  was 


0.235633 

0 

0 

0.235633 

0 

0 

0.235633 

0 

0 


0 

0.235633 

0 

0 

0.235633 

0 

0 

0.235633 

0 


0 

0 

0.235633 

0 

0 

0.235633 

0 

0 

0.235633 


0  0.050037 

-0.083601  0 

0  -0.002216 

0  -0.411006 

0.686702  0 

0  -0.546373 

0  -0.383125 

0.640119  0 

0  0.581541 


0 

0.002766 

0 

0 

0.682021 

0 

0 

-0.725921 

0 


continued 
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Appendix  III,  continued 
The  Symmetry  Coordinates 

The  symmetry  coordinates  constructed  for  the  calculations 
of  the  lattice  vibrations  of  ices  II  and  IX  are  given  on  the 
following  pages.  The  normal  coordinate  of  translation  or 
rotation  of  the  rigid  molecules  (QTp)  that  is  involved  in 
each  symmetry  coordinate  is  given  in  the  second  column  of 
each  table.  T  or  R  refers  to  the  translational  or  rotational 
normal  coordinate  of  the  rigid  molecule,  the  subscript  (a, 
b  or  c)  specifies  the  molecule-fixed  axis  along  which  the 
molecule  is  translating  or  about  which  it  is  rotating,  and 
the  superscript  (I  or  II  for  ice  II,  1  or  2  for  ice  IX)  gives 
the  type  (Section  1.3)  of  the  molecules  involved  in  the 
symmetry  coordinate.  The  coefficient  of  a  term  in  the 
symmetry  coordinates  is  given  in  parentheses  when  it  is  not 
equal  to  unity.  The  numbering  of  the  molecules  in  the 
symmetry  coordinates  is  the  same  as  in  Figures  1.3  and  1.4. 

For  example,  the  short-hand  notation  in  the  following 
table  for  the  symmetry  coordinates  of  ice  II  for  coordinate 
number  4  of  E  symmetry  is  more  explicitly  written  as 

y 

S4  =  12-*5  (2T7(a)  -  Tg  (a)  -  Tg(a)  +  2T1Q(a) 

-  Tu(a)  -  T12(a)l 

where  T?  (a)  is  the  unit  displacement  of  molecule  7  along 
the  a  direction  with  respect  to  its  molecule-fixed  axes. 


continued  .  . 
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Appendix  III,  continued 


Symmetry  coordinates  for  ice  II 


no. 

?TR 

A 

g 

A 

u 

1 

T1 

a 

6"i5[l+2+3+4+5+6] 

[1+2+3-4-5-6] 

2 

< 

6“^ [1+2+3+4+5+6] 

6**15  [1+2+3-4-5-6] 

3 

T1 

c 

6_l5[l+2+3+4+5+6] 

6“l5[l+2+3-4-5-6] 

4 

T11 

a 

[7+8+9+10+11+12] 

6"^ [7+8+9-10-11-12] 

5 

T11 

b 

6-ij  [7+8+9+10+11+12] 

6"^  [7+8+9-10-11-12] 

6 

O  H 
H 

6”^ [7+8+9+10+11+12] 

6"15  [7+8+9-10-11-12] 

7 

R1 

a 

6_l5[l+2+3+4+5+6] 

6”^ [1+2+3-4-5-6] 

8 

6_l5  [1+2+3+4+5+6] 

6_l5  [1+2+3-4-5-6] 

9 

R1 

c 

6”^ [1+2+3+4+5+6] 

[1+2+3-4-5-6] 

10 

R11 

a 

6~^ [7+8+9+10+11+12] 

6~^ [7+8+9-10-11-12] 

11 

■41 

6~^  [7+8+9+10+11+12] 

[7+8+9-10-11-12] 

12 

R11 

6~^ [7+8+9+10+11+12] 

6~^ [7+8+9-10-11-12] 

continued  .  . 
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Appendix 

III, 

continued 

Symmetry  coordinates 

for  ice  II,  continued 

no. 

Str 

E 

2 

E 

u 

1 

T1 

a 

12“ij[  (2)l-2-3+(2)4-5-6] 

12~^[  (2) 1-2-3- (2) 4+5+6] 

2 

Tb 

12” ^ [ (2) 1-2-3+  (2) 4-5-6] 

12~ 15  [  (2)  1—2—3—  (2)  4+5+6] 

3 

T1 

c 

12”1*  [  (2)  1-2-3+  (2)  4-5-6] 

12”^  [  (2) 1-2-3- (2) 4+5+6] 

4 

T11 

a 

12”3"5  [  (2)  7-8-9+  (2)  10-11-12] 

12"15  [  (2)  7-8-9-  (2)  10+11+12] 

5 

T11 

b 

12"*5  [  (2)  7-8-9+  (2)  10-11-12] 

12”15  [  (2)  7-8-9-  (2)10+11+12] 

6 

T11 

c 

12”^  [  (2) 7-8-9+  (2) 10-11-12] 

12”^  [  (2) 7-8-9- (2) 10  +  11+12] 

7 

R1 

a 

12“l5[(2)l-2-3+(2)4-5-6] 

12”15  [  (2)  1-2-3-  (2)  4+5+6] 

8 

i 

*b 

12”^  [  (2) 1-2-3+ (2) 4-5-6] 

12”15  [  (2)  1-2-3-  (2)  4+5+6] 

9 

R1 

c 

12~^[  (2) 1-2-3+ (2) 4-5-6] 

12”15  [  (2)  1-2-3-  (2)  4+5+6] 

10 

R11 

q. 

12”^ [ (2) 7-8-9+ (2) 10-11-12] 

12”15  [  (2)  7-8-9-  (2)  10+11+12] 

11 

% 

12”^  [  (2) 7-8-9+ (2) 10-11-12] 

12_l5  [  (2)  7-8-9-  (2)  10+11+12] 

12 

R11 

c 

12”^ [ (2) 7-8-9+ (2)10-11-12] 

12"15  [  (2)  7-8-9-  (2)  10+11+12] 

13 

T1 

a 

3$  [2-3+5-6] 

[2-3-5+6] 

14 

4 

%  [2-3+5-6] 

3g  [2-3-5+61 

15 

T1 

c 

%  [2-3+5-61 

35  [2-3-5+61 

16 

T11 

3j  [8—9+11—12] 

3$  [8-9-11+12] 

17 

T11 

b 

%  [8-9+11-12] 

3^  [8-9-11+12] 

18 

T11 

c 

J5  [8-9+11-12] 

35  [8-9-11+12] 

19 

R 

a 

J5  [2-3+5-6] 

%  [2-3-5+6] 

20 

3^  [  2— 3+5— 6  ] 

%  [2-3-5+61 

21 

R1 

c 

h  [2-3+5-61 

3$  [2-3-5+6] 

22 

R11 

a 

J5  [8-9+11-12] 

3^  [8-9-11+12] 

23 

ii 

*b 

J5  [8-9+11-12] 

3$  [8-9-11+12] 

24 

R11 

c 

3^  [8-9+11-12] 

%  [8-9-11+12] 

continued  .  . 


■L-*-  t 

O. 

1 

2 

3 

4 

5 

6 

7 

8 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 
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continued 


Symmetry  coordinates  for  ice  IX 


9tr  _ Symmetry  coordinates 


Ai 

B2 

T1 

a 

8~^ [1+2+3+4+5+6+7+8] 

8~^ [ 1+2- 3-4 +5+6- 7-8] 

Tb 

8~^ [1+2+3+4+5+6+7+8] 

8~^ [ 1+2-3-4+5+6-7-8] 

1 

T 

c 

8** ^  [1+2+3+4+5+6+7+8] 

8"^ [1+2-3-4+5+6-7-8] 

2 

T 

c 

^  [9+10+11+12] 

h  [9+10-11-12] 

R1 

a 

8_is  [1+2+3+4+5+6+7+8] 

8_i5[l+2-3-4+5+6-7-8] 

8~^  [1+2+3+4+5+6+7+8] 

8"^ [1+2-3-4+5+6-7-8] 

l 

R 

c 

8_i5  [1+2+3+4+5+6+7+8] 

8~^ [ 1+2-3-4+5+6-7-8] 

R2 

c 

^  [9+10+11+12] 

h  [9+10-11-12] 

fl2 

Ei 

T1 

a 

q~^ [1+2+3+4-5-6-7-8] 

8”^ [1+2-3-4-5-6+7+8] 

T1 

8_i5[  1+2+3+4-5-6-7-8] 

8_l5[l+2-3-4-5-6+7+8] 

b 

T1 

c 

8_i5t  1+2+3+4-5-6-7-8] 

8_l5[l+2-3-4-5-6+7+8] 

T2 

a 

%  [9+10+11+12] 

J5  [9+10-11-12] 

< 

J5  [9+10+11+12] 

J5  [9+10-11-12] 

R1 

[1+2+3+4-5-6-7-8] 

[1+2-3-4-5-6+7+8] 

8_ij  [ 1+2+3+4-5-6-7-8] 

8_i5[l+2-3-4-5-6+7+8] 

1 

R 

c 

8_is  [1+2+3+4-5-6-7-8] 

8_l2[l+2-3-4-5-6+7+8] 

R2 

a 

^  [9+10+11+12] 

%  [9+10-11-12] 

2 

*b 

%  [9+10+11+123 

%  [9+10-11-12] 

continued  .  . 
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Appendix  III,  continued 


Symmetry  coordinates  for  ice  IX,  continued 


no. 

Q 

Z;TR 

Symmetry  coordinates 

E 

a 

*b 

1 

T1 

c 

%  [ 1—2+5— 6 ] 

[1-2-5+6] 

2 

T1 

c 

h  [3-4+8-7] 

J5  [3-4-8+73 

3 

T2 

c 

2~^ [9-10] 

2_i5  [11-12] 

4 

Tb 

%  [1-2+5-6] 

3g  [1-2-5+6] 

5 

Tb 

Jj  [  3— 4+8— 7  ] 

Jg  [3-4-8+73 

6 

2 

Tb 

[11-12] 

2_i5  [9-10] 

7 

T1 

a 

[  1-2+5-6] 

3g  [1-2-5+6] 

8 

T1 

a 

%  [3-4+8-7] 

Jg  [3-4-8+73 

9 

T2 

a 

2"”^  [11-12] 

2”^ [9-10] 

10 

R1 

c 

[1-2+5-6] 

J5  [1-2-5+63 

11 

1 

R 

c 

S5  [3-4+8-73 

Jg  [3-4-8+73 

12 

R2 

c 

2"^ [9-10] 

2^  [11-12  3 

13 

*4 

J5  [1-2+5-6] 

Jg  [1-2-5+6] 

14 

*5  [3-4+8-7] 

3g  [3-4-8+73 

15 

4 

2_ls  [11-12] 

2“^ [9-103 

16 

R1 

a 

J5  [1-2+5-6] 

Jg  [1-2-5+6] 

17 

R1 

a 

Jg  [3-4+8-73 

Jg  [3-4-8+73 

18 

R2 

a 

2”^ [11-12] 

2~^ [9-10] 

Appendix  IV 


Relative  Raman  intensities  of  the  translational  vibrations  of 
ice  II  and  ice  IX,  calculated  with  various  values  of  RP(r). 


RP (r) a 


no . 

Vcalc 

2 

5 

10 

20 

ice  II 

7 

264 . 2 

53.3 

42.9 

42.0 

41.7 

T11 

8 

197.8 

62.9 

46.7 

45.0 

44.6 

T1 

9 

156.0 

4.1 

1.5 

1.2 

1.11 

10 

97.5 

5.6 

1.2 

0.74 

0.59 

11 

82.8 

22.5 

4  .  3 

2.5 

1.90 

12 

74 . 6 

24.8 

7.5 

5.8 

5.2 

31 

271.3 

44.4 

44.4 

44.4 

44 . 4 

32 

225.5 

100.0 

100.0 

100.0 

100.0 

33 

186.3 

20.2 

20.2 

20.2 

20 . 2 

34 

168.2 

43.1 

43.1 

43.1 

43.1 

35 

89.5 

2.2 

2.2 

2.2 

2.2 

36 

63.2 

0.29 

0.29 

0.29 

0.29 

ice  IX 

5 

247.4 

40 . 5 

33.5 

32 . 8 

32 . 6 

6 

171.9 

34.2 

6.8 

4.1 

3.1 

7 

95.3 

245  . 

46.9 

27.3 

20.6 

8 

81.0 

239  . 

45.8 

26.6 

20.1 

24 

240.2 

0.014 

0.014 

0.014 

0.014 

25 

196.7 

22.2 

22.2 

22.2 

22.2 

26 

191.0 

60.2 

60.2 

60 . 2 

60.2 

27 

100 . 3 

0.38 

0.38 

0.38 

0.38 

28 

60.8 

0.36 

0.36 

0.36 

0.36 

33 

241.8 

2.1 

2.1 

2.1 

2.1 

34 

212.0 

10.7 

10.7 

10.7 

10.7 

35 

161.0 

1.41 

1.41 

1.41 

1.41 

36 

79.1 

0.057 

0.057 

0.057 

0.057 

46 

241.0 

3.4 

3.4 

3.4 

3.4 

47 

233.8 

3.3 

3.3 

3.3 

3.3 

48 

213.6 

100.0 

100.0 

100.0 

100.0 

49 

202 . 1 

21.5 

21.5 

21.5 

21.5 

50 

159.3 

6.0 

6.0 

6.0 

6.0 

51 

142.6 

0.43 

0.43 

0.43 

0.43 

52 

88.0 

0.41 

0.41 

0.41 

0.41 

53 

71.8 

2.0 

2.0 

2.0 

2.0 

54 

0 

0 

0 

0 

0 

Appendix  V 


Symmetrized  eigenvectors  for  D^O  ice  II,  calculated  under  force  field  . 
The  order  of  the  symmetry  coordinates  is  the  order  of  the 
translational  symmetry  coordinates  given  in  Appendix  III. 


FREQ  . 

= 

264 . 2  CM- 1 

0.3692 

0.2200 

0.5672 

-0.4050 

0.2555 

-0.5141 

FREQ  . 

= 

197.8  CM- 1 

0.6178 

-0. 3903 

-0. 1417 

0.4189 

0.5179 

0 . 0477 

FREQ  . 

= 

156.0  CM- 1 

-0 . 3258 

0 . 6007 

0.1301 

0 . 5799 

0.4157 

-0.0838 

FREQ  . 

= 

97 . 5  CM- 1 

-0.5280 

-0.3429 

-0.2417 

-0.3563 

0.6126 

-0.2075 

FREQ  . 

= 

82.8  CM- 1 

-0. 1365 

-0. 1706 

0.6288 

-0.0957 

0.2188 

0.7070 

FREQ  . 

= 

74 . 6  CM- 1 

-0.2801 

-0.5402 

0.4329 

0.4337 

-0.2658 

-0.4285 

FREQ  . 

= 

282.5  CM- 1 

0.0269 

-0.0305 

0.7511 

0.  142  1 

0.0072 

0 . 6434 

FREQ  . 

= 

240.9  CM- 1 

0. 1592 

0.2575 

-0.4764 

-0.4212 

0.2819 

0.6515 

FREQ  . 

= 

210.5  CM- 1 

0.4893 

0.5799 

-0. 1321 

0.5250 

-0.3590 

0 . 0494 

FREQ. 

= 

146.4  CM- 1 

-0.5025 

0.3919 

-0.0321 

0.4546 

0.6208 

-0.0303 

FREQ  . 

= 

1  16.6  CM- 1 

-0.3408 

0.6472 

0.2834 

-0.5156 

-0.3005 

-0. 1686 

FREQ  . 

= 

0.0  CM- 1 

0.6049 

0. 1548 

0.3318 

-0.2330 

0.5621 

-0. 3602 

FREQ  . 

= 

271.3  CM-  1 

-0. 1574 
0.0132 

0.2308 

-0.0758 

0. 1692 
0.6424 

-0.2625 

0.2356 

-0.064 1 
0. 1033 

0.2870 

0.5032 

FREQ  . 

= 

271.3  CM- 1 

0.0132 
0.  1574 

-0.0758 

-0.2308 

0.6424 
-0. 1692 

0.2356 

0.2625 

0. 1033 
0.0641 

0.5032 

-0.2870 

FREQ  . 

= 

225 . 5  CM- 1 

0. 1938 
0.2412 

-0. 1737 
0.2384 

0. 1362 
-0.4826 

-0. 1909 
-0.2436 

-0. 1660 
0.3018 

0.  1975 
0.5589 

FREQ  . 

= 

225.5  CM- 1 

0.2412 
-0. 1938 

0.2384 
0. 1737 

-0.4826 
-0. 1362 

-0.2436 
0. 1909 

0.3018 
0. 1660 

0.5589 
-0. 1975 

FREQ 

= 

186.3  CM- 1 

0.4662 

0.2715 

0 . 2959 
0.2831 

-0.0874 

0.2127 

0 . 4457 
-0.0171 

-0.4887 
-0. 1601 

0. 1431 
-0.0670 

FREQ 

= 

186.3  CM- 1 

0.2715 

-0.4662 

0.2831 

-0.2959 

0.2127 

0.0874 

-0.0171 

-0.4457 

-0. 1602 
0.4887 

-0.0670 
-0. 1431 

continued  .  .  . 
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Appendix  V,  continued 


FREQ.  = 

168.2  CM- 1 

-0. 1080 
-0.2479 

0.5298 

-0.0792 

0.0103 

-0.3801 

0.4337 

0.2886 

0. 1605 
-0.0385 

-0. 1636 
0.4123 

FREQ.  = 

168.2  CM- 1 

0.2479 
-0. 1080 

0.0791 

0.5298 

0.3801 

0.0103 

-0.2886 

0.4337 

0.0385 

0. 1605 

-0.4123 
-0. 1636 

FREQ.  = 

89.5  CM- 1 

0.  1779 
0.5653 

0.0171 
-0. 2899 

-0.2225 

0.1157 

0. 1363 

0. 1769 

0.2759 

0.5457 

-0.2786 

-0.0132 

FREQ.  = 

89.5  CM- 1 

0.5653 
-0 . 1779 

-0.2899 

-0.0171 

0.1157 

0.2225 

0. 1769 
-0. 1363 

0.5457 

-0.2759 

-0.0132 

0.2786 

FREQ.  = 

63.2  CM- 1 

0.2999 

-0.2721 

-0.3824 
-0.4 109 

-0. 1888 
-0. 1061 

-0.0676 

0.5050 

-0.4481 

-0.0142 

-0.0389 
0. 1096 

FREQ.  = 

63.2  CM- 1 

0.2721 

0.2999 

0.4109 

-0.3824 

0. 1061 
-0. 1888 

-0.5050 

-0.0676 

0.0142 

-0.4481 

-0. 1097 
-0.0389 

FREQ.  = 

236.4  CM- 1 

0. 1347 
0.0158 

0.3133 

-0.0384 

0.5871 

-0.2539 

-0.5117 
-0. 1467 

0.0639 

-0.2375 

-0. 3365 
-0. 1255 

FREQ.  = 

236.4  CM- 1 

-0.0158 
0. 1348 

0.0384 

0.3133 

0.2539 

0.5871 

0. 1467 
-0.51 17 

0.2375 

0.0639 

0. 1255 
-0.3365 

FREQ.  = 

229 . 1  CM- 1 

0.5181 
0. 1354 

-0.2024 
-0. 1685 

0 . 0869 
0.3680 

0. 1006 
0.2258 

0.3224 

0.0993 

-0.4653 

0.3309 

FREQ.  = 

229 . 1  CM- 1 

-0. 1354 
0.5181 

0 . 1685 
-0.2024 

-0.3680 

0.0869 

-0.2258 
0. 1006 

-0.0993 

0.3224 

-0.3309 
-0 . 4653 

FREQ.  = 

180.9  CM- 1 

0.0507 

0.4312 

0.3708 
-0. I960 

-0.2067 

-0.2775 

0.1186 

-0.3649 

0.4239 

-0.0626 

0.2236 

0.3673 

FREQ.  = 

180.9  CM- 1 

-0.4312 

0.0507 

0. 1960 
0.3708 

0.2775 

-0.2067 

0 . 3650 
0. 1 186 

0.0626 

0.4239 

-0.3673 
0. 2236 

FREQ.  = 

127.9  CM- 1 

-0.0063 

0.3924 

0. 1048 
0.5540 

-0.0716 

0 . 0908 

-0.0799 

0.4985 

0.0954 
-0 . 4866 

0.1170 

0.0151 

FREQ.  = 

127.9  CM- 1 

-0. 3924 
-0.0063 

-0.5540 
0. 1048 

-0.0908 

-0.0716 

-0.4985 

-0.0799 

0.4866 

0.0954 

-0.0151 
0.  1  170 

FREQ.  = 

104.8  CM- 1 

0.0796 

-0.5281 

0.3045 

0.0802 

-0.3324 

-0.0966 

0. 1166 
0.1301 

0.5470 

-0.0701 

-0 . 1708 
-0. 3632 

FREQ.  = 

104.8  CM- 1 

0.5281 

0.0796 

-0.0802 

0.3045 

0.0966 

-0.3324 

-0. 1301 
0. 1  166 

0.0701 

0.5470 

0.3632 
-0. 1708 

FREQ.  = 

0.0  CM- 1 

0.2445 

-0.0852 

-0.0216 

0.4874 

-0.4356 

-0.0720 

-0. 1435 
-0.4497 

-0. 2992 
-0.0502 

-0.3740 

0.2127 

FREQ.  = 

0.0  CM- 1 

-0.0852 

-0.2445 

0.4874 

0.0216 

-00720 
0 . 4356 

-0.4497 
0. 1435 

-0.0501 

0.2992 

0.2127 

0.3740 

continued 
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Appendix  V,  continued 

Symmetrized  eigenvectors  for  D^O  ice  II,  calculated  under  force  field  T 2  . 
The  order  of  the  symmetry  coordinates  is  the  order  of  the 
translational  symmetry  coordinates  given  in  Appendix  III. 


FREQ  . 

= 

285.8  CM- 1 

-0.3438 

-0.2353 

-0.5778 

0.4042 

-0.2494 

0.5167 

FREO  . 

= 

2  13." 

4  CM-  1 

0.6115 

-0 . 3799 

-0. 1211 

0.4273 

0.5330 

0.0215 

FREO. 

= 

143 .1 

3  CM-  1 

-0.3110 

0.6285 

0.1173 

0.6017 

0.3526 

-0.0900 

FREO  . 

= 

96 . 1 

6  CM-  1 

-0.5525 

-0.3086 

-0.2459 

-0.3139 

0.6193 

-0 . 2387 

FREO. 

= 

81  . 

8  CM-  1 

-0. 1439 

-0. 1244 

0.5929 

-0. 1095 

0.2696 

0.7263 

FREO. 

= 

74  . 

7  CM-  1 

0.2919 

0.5428 

-0.4750 

-0.4260 

0.2705 

0.3740 

FREO. 

= 

308  . 

4  CM-  1 

0.0358 

-0.0324 

0.7504 

0. 1388 

-0.0021 

0.6445 

FREO. 

= 

262  . 

4  CM-  1 

-0. 1547 

-0.2613 

0.4800 

0.4074 

-0.2938 

-0.6520 

FREO. 

= 

227  . 

8  CM-  1 

0.4854 

0.5819 

-0. 1341 

0.5279 

-0.3567 

0.0435 

FREQ  . 

= 

137  . 

2  CM-  1 

-0.4918 

0.3541 

-0.0261 

0.4835 

0.6306 

-0.0265 

FREO  . 

= 

116 

.5  CM- 1 

0. 3625 

-0.6654 

-0.2790 

0.4980 

0.2698 

0. 1648 

FREO. 

= 

0 

.0  CM- 1 

0.6049 

0 . 1548 

0.3318 

-0.2330 

0.5621 

-0.3602 

FREO  . 

= 

294 

.0  CM- 1 

-0.0709 
0. 1437 

0.0654 

-0.2255 

0.6259 

0.2124 

0.0412 

0.3258 

0.0370 
0. 1224 

0.5925 
0 . 0836 

FREO  . 

= 

294 

.0  CM- 1 

-0. 1437 
-0.0709 

0.2255 

0.0654 

-0.2124 

0.6259 

-0.3258 

0.0412 

-0 . 1 224 
0.0370 

-0.0836 

0.5925 

FREO  . 

= 

238 

.5  CM- 1 

0.3251 

-0.2024 

0. 2287 
0.2655 

-0.3630 

-0.2080 

-0.3502 
0. 1465 

0.2583 

0.3057 

0 . 4963 
-0.0706 

FREO 

= 

238 

.  5  CM- 1 

0.2024 

0.3251 

-0.2655 

0.2287 

0.2080 

-0.3630 

-0. 1465 
-0.3502 

-0.3057 

0.2583 

0.0706 

0.4963 

FREO 

= 

184 

.8  CM- 1 

0.3752 

0.3269 

0. 2829 
0.4199 

-0.1189 
0.  1372 

0.4322 

0.2479 

-0.3474 

-0.2913 

0.0906 

-0.0319 

FREO 

= 

184 

.  . 8  CM- 1 

0. 3269 
-0.3752 

0.4199 

-0.2829 

0.  1372 
0.  1 189 

0 . 2479 
-0.4322 

-0.2913 

0.3475 

-0.0319 

-0.0906 

continued 
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Appendix  V,  continued 


FREQ.  = 

157 . 2  CM- 1 

-0. 1052 
-0.2307 

0.3988 

0.0771 

0.2041 

-0.4532 

0.2170 

0.3799 

0.  1973 
0.0673 

-0.334 1 
0.4209 

FREQ.  = 

157.2  CM- 1 

-0.2307 

0. 1052 

0.077 1 
-0. 3988 

-0 . 4532 
-0.2041 

0.3799 

-0.2170 

0.0673 
-0. 1973 

0.4209 
0.334 1 

FREQ.  = 

89.4  CM- 1 

0. 1886 
0.5618 

0.0094 

-0.2918 

-0.21 13 
0.1316 

0.1361 

0. 1753 

0.2805 

0.5420 

-0.2814 

-0.0261 

FREQ.  = 

89.4  CM- 1 

0.5618 
-0 . 1886 

-0.2918 
-0 . 0094 

0.1316 

0.2113 

0. 1753 
-0. 1360 

0.5420 
-0. 2805 

-0.0261 

0.2814 

FREQ.  = 

63 . 3  CM- 1 

-0.3196 

0. 2497 

0.3556 

0.4348 

0. 1790 
0.1185 

0. 1024 
-0.4987 

0.4475 

0.0417 

0.0413 
-0. 1052 

FREQ.  = 

63 . 3  CM- 1 

0.2497 

0.3196 

0 . 4348 
-0.3556 

0.1185 
-0. 1790 

-0.4987 
-0. 1024 

0.0417 

-0.4475 

-0. 1052 
-0.0413 

FREQ.  = 

252.9  CM- 1 

-0.0495 

0.0687 

0.3822 
-0. 1426 

0.3144 

-0.4601 

-0.5812 

-0.0941 

-0.1317 

-0.2107 

-0.2079 

-0.2535 

FREQ.  = 

252.9  CM- 1 

-0.0686 

-0.0495 

0. 1426 
0.3822 

0.4601 

0.3144 

0.0941 

-0.5812 

0.2107 

-0.1317 

0.2535 

-0.2079 

FREQ.  = 

241.4  CM- 1 

-0 . 3948 
0.4486 

0. 1963 
0.0473 

-0.3534 
0.  1474 

0.0361 

-0.0952 

-0.0900 

0.4159 

-0.0968 
-0 . 5046 

FREQ.  = 

241.4  CM- 1 

0.4486 
0. 3948 

0.0473 
-0. 1963 

0.  1474 
0.3534 

-0.0952 

-0.0361 

0.4159 

0 . 0900 

-0.5046 

0 . 0968 

FREQ.  = 

170.1  CM- 1 

0. 1882 
0.2964 

0. 1397 
-0 . 3369 

-0.4526 
-0. 1071 

-0.0854 

-0.3331 

0.2115 
-0. 2917 

0.5183 
0. 1038 

FREQ.  = 

170.1  CM- 1 

-0.2964 
0.  1882 

0.3369 
0. 1397 

0.1071 

-0.4526 

0.3330 

-0.0854 

0.2917 

0.2115 

-0. 1038 
0.5183 

FREQ.  = 

112.3  CM- 1 

0.  1498 
0. 3633 

0.2650 

0.5397 

-0 . 0474 
0.0543 

0.0516 

0.5339 

-0.0075 

-0.4176 

0.1174 

-0.0538 

FREQ.  = 

112.3  CM- 1 

-0.3633 
0. 1497 

-0.5397 

0.2650 

-0.0543 

-0.0474 

-0.5339 

0.0516 

0.4176 

-0.0075 

0.0538 

0.1174 

FREQ.  = 

104 . 8  CM- 1 

-0. 1819 
0.5079 

-0.2060 
-0. 1335 

0.2961 
0.  1970 

-0.0219 
-0. 1172 

-0.5914 
-0. 1051 

0.0713 

0.3770 

FREQ.  = 

104.8  CM- 1 

0.5078 

0.1819 

-0. 1336 
0. 2059 

0.  1970 
-0.2961 

-0. 1172 
0.0218 

-0. 1051 
0.5914 

0.3770 

-0.0713 

FREQ.  = 

0.0  CM- 1 

-0.2377 
-0. 1027 

0.3457 

-0.3442 

0.2720 

0.3478 

-0. 1987 
0.4282 

0. 1863 
0.2394 

0.4193 

0.0966 

FREQ.  = 

0.0  CM- 1 

0. 1027 
-0.2377 

0.3442 

0.3457 

-0.3478 

0.2720 

-0.4282 
-0. 1987 

-0.2394 
0.  1863 

-0.0966 

0.4193 

continued 
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Appendix  V,  continued 

IX 

Symmetrized  eigenvectors  for  D^O  ice  IX,  calculated  under  force  field  . 
The  order  of  the  symmetry  coordinates  is  the  order  of  the 
translational  symmetry  coordinates  given  in  Appendix  III. 


A1 

FREQ. 

— 

247 . 4 

CM-  1 

0.5310 

FREQ. 

= 

17  1.9 

CM-  1 

0.6059 

FREQ. 

= 

95 . 3 

CM-  1 

-0.5238 

FREQ. 

= 

81  .0 

CM-  1 

0.2769 

A 

FREQ. 

= 

226 . 3 

CM-  1 

0.462 1 

2 

FREQ  . 

= 

209 . 3 

CM-  1 

-0.5199 

FREQ. 

= 

138.2 

CM-  1 

0.6467 

FREQ. 

= 

74 . 3 

CM-  1 

-0.0911 

• 

FREQ. 

= 

0.0 

CM-  1 

-0.2993 

B 

FREQ. 

= 

240.2 

CM-  1 

-0.0557 

1 

FREQ  . 

= 

196.7 

CM-  1 

0. 1498 

FREQ  . 

= 

191.0 

CM-  1 

0.7308 

FREQ  . 

= 

100.3 

CM-  1 

0.0179 

FREQ. 

= 

60.8 

CM-  1 

-0.6634 

B 

FREQ. 

s 

241.8 

CM-  1 

-0.0470 

2 

FREQ  . 

= 

212.0 

CM-  1 

0.4705 

FREQ  . 

= 

161.1 

CM-  1 

-0.6326 

FREQ  . 

= 

79 . 1 

CM-  1 

0.6134 

E 

FREQ. 

= 

24  1.0 

CM-  1 

-0. 1516 

a 

-0.4070 

FREQ. 

= 

233.8 

CM-  1 

0.6462 

0.2636 

FREQ. 

- 

2  13.6 

CM-  1 

-0.2295 

0.0617 

FREQ. 

= 

202 . 1 

CM-  1 

0.4098 

-0.3517 

FREQ. 

= 

159.3 

CM-  1 

0. 1 163 
-0.2395 

FREQ. 

s 

142.6 

CM-  1 

-0. 1555 

0.4535 


-0.0973 

0.4659 

-0.701 1 

0.7168 

-0.0228 

0. 3443 

0.4571 

0.7186 

0.0175 

-0.5174 

0.5158 

0.6242 

-0.2751 

0.4544 

0.5497 

-0.4495 

-0.5911 

-0.2375 

0.5223 

0.2259 

0.0069 

-0.2756 

0.2362 

0.6708 

-0.2832 

0.7607 

-0.2829 

0.5028 

0.7033 

0.2872 

0.5378 

0.2099 

0.4470 

0.8158 

-0. 166 1 

0.3225 

-0.5696 

0.4040 

0.6845 

0. 1460 

-0. 1262 

-0. 1695 

-0.2888 

0.5812 

0.6136 

-0.3356 

0.6347 

0.3282 

-0.2886 

-0.1731 

-0. 1325 

0.6551 

0.5308 

0.7411 

0.4083 

0. 1734 

-0.4880 

0.7145 

0.6219 

-0.4591 

-0.0480 

0.5490 

-0.0424 

-0.5662 

0.5124 

0.2668 

0.5792 
-0. 1472 

O.  1942 

0. 1998 

0.2070 

-0.0469 

0.4894 

0.2281 

0.1120 

0.2874 

0 . 0009 

-0.3522 

0. 1855 
0.0013 

0.2315 

0.6833 

-0.0216 

-0.6210 

-0.0498 

0.5514 

0.0395 

-0.4417 

0.1781 

-0.4080 

0.0313 

-0.0920 

-0.3451 

0.5224 

-0. 1935 
0.0192 

-0.0423 

-0.2706 

0.6514 

0.0386 

0.3332 

0.2485 

-0.0403 

-0.7466 

0. 1850 

0.0511 

continued 


Appendix  V, 


continued 


FREO. 

88.0 

CM-  1 

0.0798 
0. 1323 

-0.0495 
-0. 1399 

-0.0123 

0.6351 

0.1413 

0.6284 

0.3683 

FREO  . 

= 

71.8 

CM-  1 

-0.0514 

0.5917 

0.5232 

0.0501 

-0.3127 
-0. 1993 

0.3148 

-0. 1399 

0.3390 

FREO. 

= 

0.0 

CM-  1 

-0.5404 

-0.0823 

-0.0028 

0.5308 

-0.4082 
0.  1484 

0. 1857 

0.2270 

-0.3803 

FREO  . 

= 

24  1.0 

CM-  1 

-0.5124 

-0.2667 

-0.1517 

-0.4071 

0.5791. 
0.  1472- 

-0. 1998 

0.  1942 

-0.207 1 

FREQ. 

= 

233 . 8 

CM-  1 

0.0468 

-0.4894 

0.6462 

0.2635 

0.2282 

-0.1119 

-0.0009 

0.2875 

0.3522 

FREO. 

= 

213.6 

CM-  1 

0.  1855 
0.0013 

0.2295 

-0.0617 

-0.2315 

0.6833 

-0.62 10 

0.0216 

-0.0498 

FREO. 

= 

202 . 1 

CM-  1 

0.5514 

0.0395 

-0.4098 

0.3517 

0.4417 
0. 1781 

0.0313 

0.4080 

-0.0920 

FREO. 

= 

159.3 

CM-  1 

-0.3451 

0.5224 

-0.1163 

0.2395 

0.  1936 
0.0192 

-0.2706 

0.0423 

0.6513 

FREO  . 

= 

142.6 

CM-  1 

-0.0386 

-0.3332 

-0, 1555 
0.4535 

0.2484 

0.0403 

-0. 1850 

-0.7466 

-0.0512 

FREO  . 

= 

88.0 

CM-  1 

-0.0495 
-0. 1400 

-0.0798 
-0. 1323 

0.0123 

0.6352 

0.6284 

-0. 1413 

0. 3683 

FREO. 

7  1.8 

CM-  1 

0.5232 

0.0501 

0.0514 

-0.5917 

0.3127 
-0. 1992 

-0. 1398 

-0.3147 

0.3391 

FREO  . 

= 

0.0 

CM-  1 

0.0028 
-0 . 5308 

-0.5404 

-0.0823 

-0.4082 
-0. 1485 

-0.227 1 

0. 1857 

0. 3803 

continued 
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Appendix  V,  continued 


Symmetrized  eigenvectors  for  D20  ice  IX,  calculated  under  force  field  T2  . 
The  order  of  the  symmetry  coordinates  is  the  order  of  the 
translational  symmetry  coordinates  given  in  Appendix  III. 


A 


1 


A 


2 


B 


1 


B 


2 


E 

a 


FREQ  . 

= 

246 . 8 

CM-  1 

0.5535 

-0.0701 

0.4660 

-0.6867 

FREQ  . 

= 

17  1.3 

CM-  1 

0 . 5965 

0.7065 

-0.0451 

0.3781 

FREQ. 

= 

95.3 

CM-  1 

-0.5171 

0.4716 

0.7140 

0.0197 

FREQ  . 

= 

8  1.3 

CM-  1 

0.2654 

-0.5230 

0.5206 

0.6205 

FREQ. 

= 

225 . 2 

CM-  1 

0.5487 

-0 . 1695 

0.4843 

0.4550 

-0 . 4781 

FREQ  . 

= 

208.0 

CM-  1 

-0.4458 

-0.6279 

-0. 1550 

0.6051 

0. 1299 

FREQ. 

= 

139.1 

CM-  1 

0.6342 

-0.0043 

-0.2825 

0.2452 

0.6766 

FREQ  . 

= 

74  .  1 

CM-  1 

-0.0917 

-0.2870 

0.7610 

-0.2783 

0.5026 

FREQ. 

= 

0.0 

CM-  1 

-0.2993 

0.7033 

0.2872 

0.5378 

0.2099 

FREQ  . 

= 

243 . 9 

CM-  1 

-0.0838 

0.4357 

0.8338 

-0. 1374 

0.2983 

FREQ. 

= 

192.8 

CM-  1 

0.5686 

-0.5215 

0.2181 

0.3596 

0.4774 

FREQ  . 

= 

191.5 

CM-  1 

-0.4782 

-0.2763 

0.3416 

0.6569 

-0. 3830 

FREQ. 

= 

100.4 

CM-  1 

0.0155 

0.6155 

-0.3329 

0.6345 

0.3280 

FREQ  . 

= 

60.8 

CM-  1 

-0.6639 

-0.2882 

-0. 1723 

-0.1331 

0.6549 

FREQ. 

= 

245.0 

CM-  1 

-0.0915 

0.5061 

0.7890 

0.3362 

FREQ. 

= 

2  11.4 

CM-  1 

0.4866 

0.2043 

-0.3950 

0.7520 

FREQ  . 

= 

159.6 

CM-  1 

-0.6163 

0.6324 

-0.4689 

-0.0194 

FREQ  . 

= 

79 . 2 

CM-  1 

0.6125 

0.5497 

-0.0401 

-0.5667 

FREQ. 

= 

241.5 

CM-  1 

0.  1560 
0.4496 

-0.5543 

-0.2365 

-0.5250 
0.  1458 

-0. 1439 

-0.2101 

-0.2202 

FREQ. 

= 

236 . 3 

CM-  1 

0.6555 

0.2215 

-0.0236 

0.5150 

0.2393 

0.0758 

0.2948 

0.0348 

-0. 3230 

FREQ  . 

= 

209 . 9 

CM-  1 

-0.2582 

0.1182 

0.  1260 
0.0293 

0.3176 

0.6521 

0.0318 

-0.6105 

-0.0540 

FREQ. 

= 

201.8 

CM-  1 

-0 . 3843 
0. 3140 

-0.5367 

0.0070 

0.4521 

-0.2798 

0.4034 

0 . 0588 

0. 1295 

FREQ  . 

= 

160.3 

CM-  1 

-0. 1134 
0. 2662 

0.3295 

-0.5018 

0.2145 

-0.0306 

0.0390 

0.2822 

-0.6540 

FREQ. 

= 

142.3 

CM-  1 

-0. 1350 
0.4386 

0.0408 

0.3495 

0.2257 

-0.0476 

-0.7566 

0. 1885 

0.0668 

FREQ 

= 

88  .C 

)  CM-  1 

0.0770 
0.  1324 

-0.0554 
-0. 1406 

-0 . 008 1 
0.6376 

0.1412 

0.6266 

0 . 3668 

continued 
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Appendix  V,  continued 


FREQ. 

= 

71.8 

CM-  1 

FREQ  . 

= 

0.0 

CM-  1 

FREQ  . 

= 

241.5 

CM-  1 

FREQ  . 

= 

236 . 3 

CM-  1 

FREQ. 

= 

209 . 9 

CM-  1 

FREQ. 

= 

201 . 8 

CM-  1 

FREQ  . 

= 

160.3 

CM-  1 

FREQ. 

= 

142.3 

CM-  1 

FREQ. 

= 

88.0 

CM-  1 

FREQ. 

= 

7  1.8 

CM-  1 

FREQ. 

_ 

0.0 

CM-  1 

-0.0498 

0.5905 

0.5244 

0.0495 

-0.3133 
-0. 1943 

0.5404 

0.0823 

0.0028 

-0.5308 

0.4082 
-0. 1484 

-0.5543 

-0.2363 

-0. 1562 
-0.4497 

0.5250 
0. 1458 

0.0235 

-0.5151 

0.6555 

0.2214 

0.2394 

-0.0758 

0.  1260 
0.0293 

0.2582 

-0.1182 

-0.3176 

0.6521 

0.5367 

-0.0070 

-0.3843 

0.3140 

0.452  1 
0.2798 

-0.3295 

0.5018 

-0.1134 

0.2662 

0.2146 

0.0306 

-0.0407 
-0. 3495 

-0. 1350 
0.4385 

0.2257 

0.0475 

-0.0555 
-0. 1406 

-0.0770 
-0. 1324 

0 . 008 1 
0.6376 

0.5244 

0.0494 

0.0498 

-0.5905 

0.3133 
-0. 1943 

0.0028 

-0.5308 

-0.5404 

-0.0823 

-0.4082 
-0. 1485 

0.3166 

-0. 1383 

0.3407 

-0. 1857 

-0.2270 

0.3803 

-0.2101 

0. 1438 

-0.2203 

-0.0348 

0.2948 

0.3230 

-0.6105 

-0.0317 

-0.0540 

-0.0588 

0.4034 

-0. 1295 

-0.2822 

0.0389 

0.6540 

-0. 1885 

-0.7566 

-0.0668 

‘  0.6266 

-0.1412 

0. 3668 

-0. 1382 

-0.3166 

0.3408 

-0.2271 

0. 1857 

0.3803 

Appendix  VI 

Calculated  frequencies  of  the  translational  and  rotational  vibrations 


of  the 

true  and 

linear 

structure  models  of  ice  IX 

under 

three 

coordinate 

sets . 

Coordinate  set  AOX(H**0-H), 

true  structure  model 

no . 

H2Oa 

D2Oa 

VVD 

no . 

H2Oa 

D2Oa 

VUD 

A1  1 

1156.8 

838.9 

1.379 

B2  29 

1236.3 

876.6 

1.410 

2 

875.7 

650.0 

1.347 

30 

924.2 

685.2 

1.  349 

3 

810.1 

584.8 

1.385 

31 

651.  3 

506.8 

1.285 

4 

718.8 

525.4 

1.368 

32 

440.0 

331.6 

1.327 

5 

277.5 

261.6 

1.061 

33 

257.6 

242.9 

1.061 

6 

183.3 

170.5 

1.075 

34 

243.1 

226.9 

1.071 

7 

134 . 8 

126.9 

1.062 

35 

158.4 

139.9 

1.132 

8 

93.2 

86.4 

1.079 

36 

91.0 

82.5 

1.103 

A2  9 

1170.2 

853.3 

1.371 

E  37 

1228.5 

878.3 

1.399 

10 

1119.9 

822.5 

1.362 

38 

1153.8 

836.5 

1.379 

11 

792.2 

591.2 

1.  340 

39 

1049.0 

778.1 

1.348 

12 

693.5 

544.7 

1.273 

40 

893.8 

667.1 

1.340 

13 

463.0 

381.6 

1.213 

41 

843.9 

623.6 

1.353 

14 

236.6 

221.6 

1.068 

42 

727.4 

542.8 

1.340 

15 

211.9 

175.9 

1.205 

43 

616.9 

489.2 

1.261 

16 

131.0 

114.4 

1.145 

44 

593.9 

462.2 

1.285 

17 

98.1 

92.1 

1.065 

45 

474.1 

367.2 

1.291 

18 

0 

0 

- 

46 

260.4 

243.3 

1.070 

47 

253.2 

233.5 

1.084 

B1  19 

1133.6 

814 . 4 

1.392 

48 

231.7 

214 . 9 

1.078 

20 

929.2 

702.0 

1.324 

49 

211.2 

188.4 

1.121 

21 

879.6 

659.9 

1.333 

50 

160.7 

142.1 

1.131 

22 

685.3 

521.0 

1.315 

51 

148.0 

131.7 

1.124 

23 

519.6 

425.8 

1.220 

52 

115.9 

108.2 

1.071 

24 

247.0 

229.2 

1.078 

53 

78.0 

70.6 

1.105 

25 

201.8 

188.1 

1.073 

54 

0 

0 

- 

26 

172.3 

145.8 

1.182 

27 

132.6 

121.3 

1.093 

28 

66.6 

61.4 

1.085 

a  k  = 
r 

0.20  mdyne 

0  - 1 

A  '  H0  = 

0.0075 

o-l 

mdyne  A  , 

Ha  =  0.160 

<P 

o-l 

mdyne  A 

continued  .  .  . 


279 


280 


Appendix  VI,  continued 


O  V 

Coordinate  set  A  (H**0-H), 

linear 

structure 

model 

no. 

H2Ob 

D20b 

VH/VD 

no . 

H20b 

D2Ob 

VVD 

A1  1 

1178.3 

854 . 8 

1.378 

B2  29 

1206.1 

854 . 9 

1.411 

2 

840.4 

615.4 

1.366 

30 

920.2 

676.8 

1.360 

3 

801.4 

576.1 

1.391 

31 

650.6 

510.7 

1.274 

4 

650.8 

483.2 

1.347 

32 

455.7 

341.3 

1.335 

5 

276.0 

260.5 

1.060 

33 

256.2 

242.1 

1.058 

6 

184.2 

171.2 

1.076 

34 

240.5 

225.6 

1.066 

7 

130.7 

123.8 

1.056 

35 

157.4 

138.2 

1.139 

8 

95.5 

88.3 

1.082 

36 

91.1 

83.2 

1.095 

A2  9 

1198.1 

873.0 

1.372 

E  37 

1215.7 

870.6 

1.396 

10 

1109.4 

811.0 

1.368 

38 

1158.5 

840.7 

1.378 

11 

762.2 

584.3 

1.304 

39 

1038.8 

766.9 

1.355 

12 

664.0 

507.5 

1.308 

40 

867.1 

639.8 

1.355 

13 

448.0 

377.3 

1.187 

41 

822.5 

611.6 

1.346 

14 

232 . 7 

217.4 

1.070 

42 

736.9 

554.8 

1.328 

15 

196.9 

159.3 

1.236 

43 

616.3 

482.1 

1.278 

16 

134.1 

118.7 

1.130 

44 

584.8 

456.5 

1.281 

17 

94.4 

88.9 

1.062 

45 

467.9 

363.5 

1.287 

18 

0 

0 

- 

46 

259.7 

243.5 

1.067 

47 

248.4 

228.8 

1.086 

B1  19 

1130.1 

813.9 

1.388 

48 

224.4 

209.3 

1.072 

20 

912.8 

684 . 8 

1.333 

49 

213.5 

190.6 

1.120 

21 

866.2 

649.4 

1.334 

50 

159.8 

142.2 

1.  124 

22 

711.8 

543.2 

1.310 

51 

147.2 

130.8 

1.125 

23 

529.2 

431.0 

1.228 

52 

107.0 

99.6 

1.074 

24 

247.7 

230.5 

1.075 

53 

77.2 

69.9 

1.104 

25 

201.7 

188.2 

1.072 

54 

0 

0 

- 

26 

172.5 

145.9 

1.182 

27 

120.7 

111.6 

1.082 

28 

65.8 

60.5 

1.088 

b  k  = 
r 

0.20  mdyne 

°  - 1 

a  ,  He  = 

0.0075 

0  - 1 

mdyne  A  , 

Ha  =0.160 

<P 

°  - 1 

mdyne  A 

continued 


Appendix  VI,  continued 


Coordinate  set  AOX  (0- •0-D)  ,  true  structure  model 


no. 

h2oc 

B2°C 

VH/VD 

no . 

h2oc 

D20C 

VH/VD 

1 

638.1 

474.8 

1.344 

B2  29 

659.1 

502.5 

1.312 

2 

597.6 

433.0 

1.380 

30 

593.0 

424.7 

1.396 

3 

585.2 

416.7 

1.404 

31 

581.1 

416.2 

1.396 

4 

477.0 

359.8 

1.326 

32 

483.6 

364.6 

1.326 

5 

262.2 

245.9 

1.066 

33 

252.8 

237.0 

1.067 

6 

176.1 

161.2 

1.092 

34 

228.9 

216.9 

1.055 

7 

102.7 

96.1 

1.069 

35 

161.0 

144 . 6 

1.113 

8 

89.7 

84.0 

1.068 

36 

81.7 

75.7 

1.079 

9 

649.3 

498.9 

1.301 

E  37 

654.6 

500.4 

1.308 

10 

635.7 

480.8 

1.322 

38 

648.6 

491.9 

1.319 

11 

595.2 

434.6 

1.370 

39 

642.1 

488.1 

1.316 

12 

509.4 

384 . 1 

1.326 

40 

594.7 

429.3 

1.385 

13 

477.7 

358.3 

1.333 

41 

587.8 

427.7 

1.  374 

14 

233.6 

216.0 

1.081 

42 

584.0 

417.1 

1.400 

15 

206.7 

181.9 

1.136 

43 

509.9 

386.6 

1.319 

16 

136.2 

122.1 

1.115 

44 

483.8 

367.2 

1.318 

17 

83.0 

78.6 

1.056 

45 

480.8 

362.9 

1.  325 

18 

0 

0 

- 

46 

249.8 

232.8 

1.073 

47 

241.1 

220.6 

1.093 

19 

659.6 

502.4 

1.313 

48 

217.0 

199.4 

1.088 

20 

644.6 

496.7 

1.298 

49 

210.5 

190.5 

1.105 

21 

583.4 

422 . 5 

1.381 

50 

160.2 

145.4 

1.102 

22 

510.4 

388.7 

1.313 

51 

144.5 

130.9 

1.104 

23 

487.4 

369.5 

1.319 

52 

93.3 

86.4 

1.080 

24 

248.6 

231.5 

1.074 

53 

77.5 

72.1 

1.075 

25 

201.1 

184.5 

1.090 

54 

0 

0 

‘ 

26 

187.2 

165.5 

1.131 

27 

105.4 

96.6 

1.091 

28 

63.2 

58.5 

1.080 

kr  = 

0.20  mdyne 

A  \  H0 

=  0.0075 

0  - 1 

mdyne  A  , 

o 

VO 

o 

o 

II 

SC 

o  _ 

mdyne  A 

1 

continued  .  . 


Appendix  VI,  continued 


OX 

Coordinate  set  A  (H-H')>  true  structure  model 


no. 

H2Od 

D2Od 

VH/VD 

no . 

o 

(N 

K 

D2Od 

VUD 

1 

823.0 

578.9 

1.422 

B2  29 

857.8 

617.2 

1.390 

2 

720.4 

500.6 

1.439 

30 

792.3 

596.1 

1.329 

3 

587.0 

464.6 

1.263 

31 

476.1 

433.  8 

1.098 

4 

549.4 

421.7 

1.303 

32 

435.0 

376.6 

1.155 

5 

399.9 

338.2 

1.182 

33 

410.6 

307.1 

1.337 

6 

254.1 

228.1 

1.114 

34 

364.6 

294.1 

1.240 

7 

151.4 

147.3 

1.031 

35 

198.9 

202.8 

0.981 

8 

120.8 

118.6 

1.019 

36 

103.1 

93.8 

1.099 

9 

886.4 

645.5 

1.373 

E  37 

877.6 

635.7 

1.  381 

10 

808.8 

578.0 

1.399 

38 

830.2 

597.5 

1.389 

11 

614.4 

443.4 

1.386 

39 

812.4 

587.0 

1.384 

12 

562.7 

406  .  3 

1.385 

40 

728.1 

526.0 

1.384 

13 

447.1 

381.4 

1.172 

41 

656.7 

505.9 

1.298 

14 

264 . 3 

215.8 

1.225 

42 

551.0 

436.2 

1.263 

15 

230.  3 

211.4 

1.089 

43 

520.4 

406.9 

1.279 

16 

172.1 

169 . 4 

1.016 

44 

507.7 

391.4 

1.297 

17 

104 . 3 

104.1 

1.002 

45 

437.6 

364.6 

1.200 

18 

0 

0 

- 

46 

401.8 

326.4 

1.231 

47 

340.2 

293.0 

1.161 

19 

854.4 

618.4 

1.382 

48 

322.7 

287.6 

1.122 

20 

748.9 

550.5 

1.360 

49 

233.3 

218.7 

1.  067 

21 

686.5 

510.5 

1.345 

50 

190.7 

188.4 

1.012 

22 

511.9 

445.5 

1.149 

51 

183.7 

176.4 

1.041 

23 

432.4 

386.3 

1.116 

52 

115.3 

110.6 

1.042 

24 

426 . 1 

303.6 

1.403 

53 

89.4 

82.4 

1.085 

25 

246.7 

234.8 

1.051 

54 

0 

0 

- 

26 

206.1 

191.1 

1.078 

27 

138.3 

137.9 

1.003 

28 

74.1 

67.6 

1.096 

kr  = 

0.20  mdyne 

A  \  H0 

=  0.0075 

0  - 1 

mdyne  A  , 

kH  =  0.043 

to  0.28 

mdyne 

Appendix  VII 


Second  derivatives  of  the  Clementi  pair  potential 
evaluated  at  the  equilibrium  interatomic  distances 


Constants  of  e  : 

INTER 

q2  =0.514783  a.u. 
a  =  1734.196000  a.u. 
b^  =  2 .726696  a.u. 
a2  = 1 . 061887  a.u. 
b2  =  1.460975  a.u. 


a3  =2.319395  a.u. 
b^  = 1 . 567367  a.u. 

a.  =  0.436006  a.u. 
4 

b.  =  1.181792  a.u. 
4 


Interaction 

distances 

r .  and  force 

l 

constants 

;  k .  for 

l 

the  56  type 

interatomic 

interactions  of  ice  II 

: 

r  . 

k. 

r  . 

k. 

no. 

l 

l 

no. 

l 

i 

i 

2 . 328949 

0 . 244915 

33 

1.811  354 

0 . 248923 

2 

2 . 498  130 

0. 188012 

34 

3 .038447 

0.000240 

3 

2  337529 

0.241521 

35 

3 . 024765 

0.000361 

4 

2 . 427755 

0.209296 

36 

1 . 864388 

0. 207149 

5 

2 . 467546 

0. 196889 

37 

3 . 178096 

-0.000600 

6 

2 . 475487 

0. 194531 

38 

3 . 461850 

-0.001036 

7 

2 . 43909 1 

0.205658 

39 

3 . 227035 

-0 . 000765 

8 

2 . 441437 

0. 204916 

40 

3 . 370602 

-0001007 

9 

3 . 163242 

0.080723 

4  1 

3.443615 

-0.001035 

10 

3 . 767962 

0 . 045468 

42 

3 . 455686 

-0.001036 

1  1 

3 . 375129 

0 . 06494 1 

43 

3 . 337204 

-0 . 000976 

1  2 

3.801139 

0.044222 

44 

3 . 333647 

-0 . 000972 

1  3 

3 . 853709 

0 . 042344 

45 

1 . 844818 

0.221723 

14 

3 . 751533 

0 . 046104 

46 

3 . 222346 

-0.000751 

15 

3 . 932235 

0.039743 

47 

3 . 149833 

-0 . 000478 

16 

3 . 695195 

0.048381 

48 

1 . 843862 

0 . 222460 

17 

2 .023325 

-0 . 573469 

49 

2 . 768267 

0 . 128141 

18 

2 .028362 

-0 . 569207 

50 

2 . 802591 

0. 107368 

19 

3 .  1856  15 

-0 . 146936 

5  1 

2 . 844217 

0 . 08664 1 

20 

3 . 245418 

-0.  138962 

52 

2 . 7804  18 

0. 120364 

2  1 

2.065322 

-0.539192 

22 

2 .052900 

-0.549039 

53 

2 . 782096 

0.441185 

23 

3 . 406252 

-0. 120192 

54 

2 . 798572 

0.433439 

24 

3  456775 

-0. 1 14999 

55 

2 . 893775 

0 . 39205 1 

25 

2 . 93824  1 

-0 . 18536  1 

56 

2 . 853109 

0. 406912 

26 

3 . 294350 

-0. 132861 

27 

3.030456 

-0 . 170680 

28 

3 . 238218 

-0. 139891 

29 

3 . 293063 

-0. 133017 

30 

3 . 27381  1 

-0. 135377 

31 

3 . 250646 

-0. 138292 

32 

3  .  183930 

-0 . 147169 

Coordinate  types  1  to  16  are  H-H'  interactions,  17  to  32  are  H-M 
interactions,  33  to  48  are  H-0  interactions,  49  to  52  are  0-0' 
interactions,  and  53  to  56  are  M--M"  interactions. 
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